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ABSTRACT 

The thesis is about the synthesis, characterization, development, and application of 

epoxy resins derived from sustainable feedstocks such as lingo-cellulose, plant oils, and 

other non-food feedstocks. The thesis can be divided into two main topics 1) the synthe-

sis and structure property relationship investigation of new biobased epoxy resin families 

and 2) mixing epoxy resins with reactive diluents, nanoparticles, toughening agents, and 

understanding co-curing reactions, filler/matrix interactions, and cured epoxy resin 

thermomechanical, viscoelastic, and dielectric properties. The thesis seeks to bridge the 

gap between new epoxy resin development, application for composites and advanced 

materials, processing and manufacturing, and end of life of thermoset polymers. The 

structures of uncured epoxy resins are characterized through traditional small molecule 

techniques such as nuclear magnetic resonance, high resolution mass spectrometry, and 

infrared spectroscopy. The structure of epoxy resin monomers are further understood 

through the process of curing the resins and cured resins’ properties through rheology, 

chemorheology, dynamic mechanical analysis, tensile testing, fracture toughness, 

differential scanning calorimetry, scanning electron microscopy, thermogravimetric 

analysis, and notched izod impact testing. It was found that diphenolate esters are viable 

alternatives to bisphenol A and that the structure of the ester side chain can have signifi-

cant effects on monomer viscosity. The structure of the cured diphenolate based epoxy 

resins also influence glass transition temperature and dielectric properties. Incorporation 

of reactive diluents and flexible resins can lower viscosity, extend gel time, and enable 

processing of high filler content composites and increase fracture toughness. Incorpora-

tion of high elastic modulus nanoparticles such as graphene can provide increases in 

physical properties such as elastic modulus and fracture toughness. The synthesis of 

epoxy resins with aliphatic esters in the main chain of the polymer allow for chemical 

recycling under alkaline conditions and changing the hydrophobicity and access of main 

chain esters influences the rate of polymer degradation. The thesis further provides 

strategies and concepts that will allow for future researchers to rapidly understand how 

to manipulate epoxy resins for specific end uses and supplements current understanding 

of epoxy curing agents, accelerators, and interactions with fillers.
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1. General Introduction 

1.1 Thermosetting Polymers 

Polymers that can melt are classified as thermoplastics and the properties of these 

polymers are governed by things such as molecular weight, dispersity index, and molec-

ular architecture.
1-3

 Crosslinking of polymer chains leads to inhibition of melting with 

properties being governed primarily by molecular weight between crosslink points and 

molecular architecture.
4
 The crosslinking of polymer chains can also lead to increased 

physical and thermal properties, but crosslinking polymer chains in the melt or after 

processing can be difficult. Therefore the method of crosslinking typically takes places 

over time from the monomeric or oligomeric state and is generally referred to as curing 

where both linear molecular weight growth and crosslinking occur
4
 and is shown sche-

matically in Scheme 1.1-1. 

 

Scheme 1.1-1. Schematic representation of thermoset curing in stages: 1) oligomerization and linear 

molecular weight growth, 2) crosslinking of low molecular weight chains leading to a formation of a 

network, 3) high network formation where molecular weight approaches infinity 
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 During cure the formation of a network is known as gelation and once this point 

has been reached the polymer transitions from thermoplastic like behavior to thermoset-

ting (i.e. it has been set in place and is intractable).
5
 Most thermosets exist in a state 

between gelation and fully cured because having every molecule react completely 

becomes highly unlikely due to high viscosity and formation of a network also known as 

vitrification.
6
 As full cure is approached physical and thermal properties also start to 

plateau. While near full cures can be obtained they are typically impractical and unreal-

istic to implement in any real world application.
7
 

 The minimum requirements for a thermosetting polymer are that one molecule 

needs to be capable of forming three bonds while the second is required to form two 

bonds whereas in thermoplastics all molecules need form only two bonds.
3
 Variation of 

how many molecules can form three bonds in a thermoset system will control crosslink 

density or the average molecular weight between crosslinks. Typically the main effect of 

decreasing the crosslink density is a decrease in the glass transition temperature (Tg) of 

the polymer.
6
 However, because the polymerization of thermosets can occur under static 

conditions (i.e. no stirring) from the liquid monomers or viscous oligomers they can 

therefore be applied in applications typically difficult for thermoplastics such as complex 

molding, continuous fiber composites, laminates, and adhesives.
8
 

 There are many different types of thermosetting polymers with one of the earliest 

being phenol formaldehyde developed by Leo Baekeland and is commonly referred to as 

Bakelite.
9
 The use of formaldehyde is so prevalent because of formaldehyde’s high 

reactivity and finds uses in applications ranging from billiard balls and lab benches 

(phenol formaldehyde)
10

 to plywood, furniture, and countertops (urea-formaldehyde, 

melamine formaldehyde).
11

 Use of formaldehyde however has a number of drawbacks: 

1) it is a volatile organic compound, 2) toxic to living things,
12

 3) requires pressurized 

curing, and 4) functions through condensation reactions (generation of water).
11

  Despite 

the toxic nature of formaldehyde based thermosets it’s widely prevalent because of low 

cost. But with stricter regulations for formaldehyde content
13

 in the future and scandals 

of formaldehyde off-gassing reaching public awareness
14

 other thermosetting systems 

will naturally find more market share. 
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1.2 Epoxy Resins and Applications 

 Epoxy resins are the most versatile thermosetting polymer available. They find 

applications from protective coatings, printer primer, electronics, wind turbines, boating 

materials, structural adhesives, and aerospace composites. The use of epoxy resins is so 

prevalent because they can be cured under a wide range of conditions (i.e. Brazil in the 

summer and Siberia in the winter) and when near to full cure exhibit high glass transition 

temperatures and excellent mechanical strength. Further, epoxy resins have good adhe-

sive strength towards most materials (wettability), exhibit low shrinkage upon curing, 

and are extremely resistant to corrosion, chemicals, and moisture.
6
 

 The majority of epoxy resin applications in terms of volume are found in coat-

ings,
15

 composites,
16

 and adhesives.
17

 The reasons why epoxy resins are so valued in 

these industries are the aforementioned properties when cured, but in the monomeric 

state they exist as viscous fluids and thus they are easier to apply under ambient condi-

tions and are known as liquid epoxy resins (LER) and represents the majority of the 

epoxy resin industry.
6
 The control of viscosity is extremely important and methods for 

that control will be discussed in detail in Section 1.4, but low viscosity resins lend 

themselves to protective coatings and composite applications with low temperature 

processing conditions.
8,15

 High viscosity resins find use as state of the art structural 

adhesives for bonding dissimilar materials such as metals to composites and bonding of 

structural foams.
17

 Additionally, the application of heat can also influence the viscosity 

of the resins. But why are epoxy resins so versatile and applicable to so many different 

applications and what are the drawbacks of their use? 
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Scheme 1.2-1. Epoxide ring bearing a strained ring structure due to sp3 hybridization and eclipsed 

substituents enables high reactivity 

Epoxy resins derive their name from epoxide and it is the functional group that al-

lows them so much versatility and is depicted in Scheme 1.2-1. The epoxide ring derives 

its high reactivity from the fact that it is a highly strained ring due to the two carbons 

being sp
3
 hybridized and preferring the bonded atoms to adopt a 109° orientation from 

each other, but they are locked into a 60° planar structure. The substituents to the ring 

are also locked into an eclipsed structure and increase the torsional strain of the ring.
18

 

Further, the electrons are bonding through bent p-orbitals and exhibit more double bond 

characteristics than single bonds occurring through the s-orbitals.
19

 These factors essen-

tially allow for the epoxide to react with any strong nucleophile or electrophile also 

known as curing agents, hardeners, or catalysts.
20

 

1.3 Curing and Polymerization 

Epoxy resins can be polymerized via a broad array of hardeners or catalysts. A 

hardener or curing agent typically consists of a small molecule that can react with the 

epoxide through ring opening such as an amine, carboxylic acid, polyphenols, or anhy-
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drides.
6,20

 The hardener reacting with an epoxide is especially favored when there is a 

labile proton that can be transferred to the oxygen in the epoxide group forming a 

secondary alcohol and this is typically seen in the reactions with amines, carboxylic 

acids, and polyphenols and is shown in Scheme 1.3-1.
6
 

 

Scheme 1.3-1. Ring opening of epoxides via nucleophiles with readily labile protons to generate 

ethers or esters with a β secondary alcohol 

The number of labile protons governs how many epoxides can be reacted, but the 

reactivity of the curing agent is also dependent on nucleophilic behavior with stronger 

nucleophiles being more favored in addition to the pKa of the labile proton.
6
 The most 

reactive of hardeners falls into the strong nucleophile group such as thiols and amines 

and can react at room temperature or colder with the process known as “cold curing” and 

can be further reacted through post-cure steps at higher temperatures (typically above the 

glass transition temperature) with the intent of making the degree of cure as high as 

possible.
6
 Decreasing the nucleophilic character curing agent or increasing the pKa of 

the labile proton also decreasing reactivity and thus requires higher curing temperature 

such as the reactivity of aliphatic primary amines vs aromatic primary amines or second-
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ary amines vs primary amines.
6
 The aromatic amines are delocalizing the lone pair of the 

primary amine and thus decreasing its nucleophilic ability. The secondary amine’s 

proton also has a slightly higher pKa and thus reduces its reactivity as a curing agent.
6
 

Carboxylic acids have a low pKa, but because they are very weak nucleophiles require 

high temperatures to react.
21

 However carboxylic acids are typically solids and thus 

require application in powder coatings, solvent, or need to be a low melting point in 

order to react with a liquid epoxy resin. Anhydrides typically need to be ring opened by 

a hydroxyl or a catalyst before they can react with epoxy resins and lend themselves to 

high temperature processing due to being relatively unreactive and their mechanism of 

action is still poorly understood.
6
 

Typical catalysts for epoxide ring opening are tertiary amines or hydroxyls with 

relatively acidic protons such as phenols and they function through intermolecular 

bonding interactions shown in Scheme 1.3-2.
6
 With anhydride cures the mechanism is 

still under debate and is discussed in great detail elsewhere,
6
 but the use of a catalyst in 

this instance typically facilitates the ring opening of the anhydride at specific tempera-

tures.
20

 The overall goal of a catalyst is to facilitate curing at lower temperatures to reach 

higher degrees of cure in shorter periods of time
8
 and these catalysts are often added in 

very low amounts when being used with conventional hardeners to minimize potential 

side reactions such as cationic or anionic homopolymerizations.
6,22

  

 

Scheme 1.3-2. Mechanism of acid catalyzed and base catalyzed ring opening of epoxides through 

nucleophilic attack by traditional hardeners. Tertiary amines catalyze ring opening 
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The use of very strong Lewis acids or bases can also be employed to initiate ho-

mopolymerizations. Lewis bases can also catalyze anionic polymerizations through 

generation of alkoxides.
6
 Strong Bronstead acids will catalyze cationic polymerizations 

through generation of onium cations.
23

 Typically the Bronstead acid is generated through 

an external energy source such as heat or UV light and are generated through com-

pounds such as diaryliodonium salts,
24

 aryldiazonium salts, and sulfonium salts
25

 to 

name a few. Because the generation of the Bronstead acid is only achieved through UV 

or thermal initiation the catalyst can be stored premixed with the epoxy resin and cured 

on demand. The resins typically used for these types of homopolymerizations are often 

aliphatic in order to reduce absorption of UV light by the resin. However, the methods of 

epoxy resin homopolymerization are out of the scope of this review, but the epoxide ring 

is highly strained and readily reacted with a wide range of curing agents and catalysts 

under a broad range of conditions.  

1.4 Synthesis of Epoxy Resins and Required Feedstocks 

In order to take advantage of the highly strained epoxide ring chemists needed to 

be able to either attach an existing epoxide to a molecule or turn a functional group into 

an epoxide. The route of attaching an epoxide to a molecule typically involves the 

reaction of a phenol with epichlorohydrin under a pseudo SN2 type reaction and patents 

date back to late 1890s and early 1930s, but the technology and commercialization did 

not become prevalent until after World War II in the late 1940s by Shell Chemical Co. 

and Bakelite. Shell Chemical Co. patented a reaction with epichlorohydrin and bisphenol 

A under alkaline conditions and also showed that it could be applied to just about any 

bisphenol or polyhydric phenol with excess epichlorohydrin known conventionally as O-

glycidylation.
26

 Further, changing how much excess epichlorohydrin was present also 

resulted in different oligomeric lengths of epoxy resins and subsequently became a 

method to control resin viscosity.
26

 The molar excess of epichlorohydrin ultimately 

determines if the resins would be solids or liquids and is known as the Taffy Process. It 

should also be noted that the chemists at Shell Chemical Co. discovered that the process 

requires the use of a secondary alcohol for high purity and that primary alcohols lead to 
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increased side reactions and byproducts. So with a process that allows attachment of 

epoxides to just about any phenolic hydroxyl why are the majority of epoxy resins 

dominated by bisphenol A platforms? 

 The advent of bisphenol A (BPA) came in the mid to late 1940s with the inven-

tion of the cumene process that was developed by Heinrich Hock.
27

 Cumene (isopropyl 

benzene) is the intermediate chemical that allows for equimolar production of both 

acetone and phenol and these are the required chemicals for making bisphenol A seen in 

Scheme 1.4-1.
28

 However, the synthesis of cumene and the resulting bisphenol A is 

highly dependent on a reliable source of benzene and propylene. The advent of industrial 

steam cracking of volatile distillates of crude oil led to cheap propylene and ethylene. 

Sources of benzene, toluene, and xylenes were already readily available from coke and 

coal byproducts, but were now also available in from steam cracking and catalytic 

reforming.
18

 

  

 

Scheme 1.4-1. Synthesis of Bisphenol A and resulting epoxy resins from benzene and propylene 

 Readily available propylene, benzene, and zeolites (heterogenous acid catalysts) 

made the synthesis of cumene very economical and subsequently BPA even more 

economical.
18,28

 The resulting epoxy resins from BPA also exhibited outstanding proper-

ties and with cheap feedstocks it is still to date the workhorse of the thermoset polymer 

industry with large production BPA epoxy resins being performed by Huntsman, Hex-

ion, DOW Chemical, BASF, and 3M to name a few.
29

 So despite the wide ranging 

applications of epoxy resins BPA has been the foundation for all of these technologies. 

With demand of epoxy resins increasing, finite oil reserves, and the potential health risks 
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of BPA the industry seems poised for new epoxy resins that fit within niche applications 

BPA based epoxy resins falls short. 

1.5 Biobased Epoxy Resins and the Required Feedstocks 

 There is currently a broad interest in replacement of BPA with sustainable 

molecular architectures in epoxy resins and other polymers.
30

 However, obtaining raw 

feedstock chemicals from biomass such as cellulose, lignin, vegetable oils and sugars is 

challenging and receiving much attention.
31–34

 Furthermore, the raw feedstocks readily 

available from petroleum such as benzene, ethylene, and propylene are not readily 

available from biomass and so not only do new processes for high purity feedstock 

chemicals need to be developed, but the chemistry to convert those feedstocks needs to 

also be developed. In order to develop new molecular architectures to replace existing 

technologies the processes or synthetic pathways need to be simple and efficient requir-

ing as few steps as possible. From the raw feedstocks of the petroleum industry synthesis 

of epoxy resins from BPA requires four major chemical steps: synthesis of cumene, 

cracking cumene, condensation of BPA, and attachment of epoxide rings with epichlo-

rohydrin.
18,28

 These chemicals and synthetic steps have been optimized over the lifetime 

of epoxy resin synthesis and as a result have achieved the lowest possible cost achieva-

ble. In order to replace BPA with a sustainable biobased platform the synthetic routes 

need to be simple, efficient, and at a minimum competitive with BPA based epoxy 

systems in some way (i.e. mechanical properties, processing, thermal properties, etc) and 

ideally have some value added property such as lower viscosity or increased flame 

retardant properties. 

As more biobased feedstock chemicals become available at the lab, pilot, and in-

dustrial scale a wide variety of molecular architectures and unique functionality will also 

become available. At the industrial scale epichlorohydrin can be synthesized in high 

yield and purity from glycerol, a byproduct of the biodiesel industry.
35

 Additionally 

chemicals such as terpenes and rosins are readily available from the wood and citrus 

industry and offer a wide variety of chemical functionality.
36

 At the pilot plant scale 

many different chemicals are becoming available such as levulinic acid,
37

 adipic acid, 
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succinic acid,
38

 malonic acid, itaconic acid,
39

 vanillin, tannins and polyphenols, carda-

nol,
40

 sugar derivatives, furfural derivatives,
41

 and unsaturated fatty acids. At the lab 

scale exploration of different pyrolysis techniques for valorization of lignin is opening 

up avenues towards biobased phenolics such as guaiacols, phenols, eugenol, ferulic acid, 

and cresols.
42–44

 So with these feedstocks becoming available what molecular architec-

tures are being produced? 

1.5.1 Vanillin and Eugenol 

Vanillin is the only biobased chemical that is being produced at high yield and 

purity from lignocellulose. Vanillin is a readily functionalized molecule due to the 

aromatic aldehyde that can easily be reduced to the benzylic hydroxyl or by an amine 

and it also possesses a phenolic hydroxyl which is readily functionalized with epichloro-

hydrin as previously discussed. Synthesis of vanillin from petroleum feedstocks is quite 

lengthy starting with synthesis of phenol, but is still the cheapest route.
28

 Vanillin with 

the potential to be derived from lignin as the sole source in a few steps has received a 

strong interest for synthesis of epoxy resins due to the phenolic hydroxyl and easy to 

functionalize aldehyde. The structures being discussed are shown in Scheme 1.5.1-1  

Fache et al.
45

 have reported an extensive study on the functionalization of vanil-

lin with epoxide, cyclic carbonates, amines, and carboxylic acids groups. They report 

three epoxy resins with melting points ranging from 53 °C to 87 °C and no report on if 

the resins exist as super cooled liquids upon melting. Their highest melting point resin 

was cured with isophorone diamine and studied by differential scanning calorimetry with 

a Tg of 117 °C. Fache et al.
46

 studied one of their novel vanillin platforms in the oligo-

meric state through the fusion process utilizing their epoxy monomer and diol precursor 

benchmarked against oligomeric diglycidyl ether of bisphenol A. The result of the 

increasing the oligomeric content of the resins decreased the Tg of the final cured materi-

als due to decreasing the crosslink density. Oligomerization also required mixing with 

crosslinking diamines in the melt at 130 °C due to the high melting point of oligomeric 

epoxy resins.
46

 

Mohammed and Hamidi synthesized interesting vanillin based resins from a sim-

ple Schiff base reaction using different aromatic diamines that proceeded under mild 
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conditions.
47

 The resulting epoxy resins were not cured or studied as a thermosetting 

resin, but rather their liquid crystal properties were explored in depth showing a thermo-

tropic liquid crystal behavior with nematic mesophases.
47

 Additionally the prepared 

resins warrant further study into detailed rheological characterization, cured materials 

properties, and recyclability due to the labile Schiff base. Aouf et al.
48

 have also synthe-

sized epoxy resins from vanillic acid both through O-allylation of vanillic acid and O-

allylation of dimeric vanillate esters using a 1,5-bromopentane and subsequent epoxida-

tion through enzymatic catalysis with Candida antartica utilizing caprylic acid and 

hydrogen peroxide. 

 

Scheme 1.5.1-1. Epoxy resins currently able to derived from vanillin and eugenol  

Eugenol is mainly derived from cloves with lignin routes being explored; addi-

tionally it possesses an easily modifiable phenolic hydroxyl and allylic double bond and 

has recently received some attention for synthesis of epoxy resins. Qin et al.
49

 synthe-

sized epoxy resins from eugenol in a three step method requiring acetylation of the 

phenolic hydroxyl, epoxidation of the double bond, and concurrent deprotection and O-

glycidylation. The epoxy resin required purification through column chromatography 

and had a relatively low melting point of 58 °C. When cured with a conventional anhy-

dride crosslinker the eugenol based resin had similar activation energy to that of 

DGEBA and has similar glassy modulus and glass transition temperature in the fully 

cured state to that of DGEBA.
49

 The promising cured materials properties warrant 

further rheological and chemorheological characterization of the eugenol based epoxy 

resin in comparison to DGEBA. Zhao and Abu-Omar have also recently reported the 

synthesis of eugenol based epoxy resins and resulting nanocomposites with montmoril-

lonite clays.
50

 The resins were prepared from a hydrogenated eugenol, the methoxy 
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group demethylated, and O-glycidylation occurs through a phase transfer catalyst 

method. The glassy storage modulus of their cured materials (via diethyltriamine) ranged 

from about 175 to 225 MPa for the neat polymer and 12% montmorillonite clay respec-

tively. The glass transition temperature also exhibited an optimal peak at 6% clay 

loading at 50 °C determined through the peak of the tan δ.
50

   

Overall, the synthesis of epoxy resins from vanillin, eugenol, and their deriva-

tives shows that the required chemistry has been explored, but much more work is 

required to assess if they will be viable for replacement of bisphenol A derived epoxy 

resins. The synthetic routes need to be efficient or utilized as mixtures in that column 

chromatography is not a scalable method for epoxy resin preparation. Additionally, 

significant attention needs to be given to the resins’ behavior in the melt and final 

mechanical properties of the neat cured materials and how these materials compare to 

the diglycidyl ether of bisphenol A. 

1.5.2 Tannin Derivatives and Flavenoids  

Tannins are the naturally occurring biomolecules that give wine and tea their bit-

ter flavor. The main constituent of most tannins involve gallic acid esters and their 

natural occurrence are found in nuts and a wide range plants and vegetables. Gallic acid 

can be extracted from gallotannins by oxidation and has historically been used in the 

synthesis of pharmaceuticals and production of ink. Gallic acid therefore could also be 

extracted from food and biomass waste however the isolation in cost effective yields 

remains a challenge. 

In 1985 Tomita et al. published a patent on the synthesis of epoxy resins from 

gallic acid utilizing a phase transfer catalyst system, but it is likely that full functionali-

zation did not occur due to potential side reactions.
51

 The structures of gallic acid 

epoxies are depicted in Scheme 1.5.2-1. Aouf et al.
52

 prepared gallic acid based epoxy 

resins via O-allylation and subsequent epoxidation of the double bonds. The prepared 

resins were reported as yellow oils and no viscosities of the resins are reported. The high 

degree of epoxide functionality in the gallate epoxy resins when cured identically to 

DGEBA gave comparable storage modulus values at room temperature and surpassed 

the glass transition temperature (Tα ≈Tg) of DGEBA as determined by the peak of tan δ 
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(233 °C and 160 °C respectively). The large increase in Tg is attributed to the high degree 

of epoxide functionality and subsequently a high crosslinked system. Aouf et al.
48

 have 

also explored alternative and greener epoxidation routes of O-allylated gallate and have 

shown that high yields can be obtained using immobilized Candida antartica lipase B 

(N435).  

 

 

Scheme 1.5.2-1. Synthetic routes to gallic acid epoxy resins where the O-allylation and epoxidation 

gives highest degree of functionality vs using epichlorohydrin 

 Flavonoids such as catechin and curcumin are naturally occurring in foods and 

much work has been done to make them available through genetically engineered 

microorganisms. While flavonoids have received attention for their therapeutic uses as 

antioxidants they possess rigid aromatic structures that could replace the bisphenol A.
53–

55
 While they may not be the most cost effective platform chemical for structural epoxy 

resins they possess interesting structural characteristics that are worth characterizing.  
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Scheme 1.5.2-2. Synthesis of catechin and its derivatives via epichlorohydrin showing cyclic byprod-

ucts as a result of catechol type group 

 In an effort to study how O-glycidylation would occur with catechin Nouailhas et 

al.
56

 synthesized epoxy resins based on resorcinol and 4-methylcatechol as those are the 

main aromatic constituents of catechin as well as catechin and are depicted in Scheme 

1.5.2-2. They utilized an O-glycidylation process with ethanolic sodium hydroxide and 

obtained good yields with resorcinol at 87% after column chromatography. They also 

obtained lower yields for 4-methylcatechol and catechin at 61 and 48% respectively after 

column chromatography. The close proximity of the hydroxyls in catechin is an issue 

and the cyclic product as previously described in Scheme 1.3.2-1 was also observed. 

One drawback of the work by Nouailhas et al. was that the thermomechanical pro-

prerties were only characterized as a mixture with DGEBA showing that the overall 

properties were lowered.
56

 Catechins from green tea leaves have also been explored as 

an epoxy resins by Basnet et al.
57

 utilizing an O-glycidylation via a phase transfer 

catalyst system and curing with methanol soluble lignin fractions from eucalyptus. The 

glycidyl catechins when cured with lignin fractions were able to outperform DGEBA 
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when cured with lignin both in flexural modulus and glass transition temperature. These 

results indicate that the structural rigidity of catechins surpass those of DGEBA and also 

highlights the curing of the resins with a sustainable crosslinker. Additionally, the O-

glycidylation of a broad range of different flavonoids has been patented, but little is 

known about their thermomechanical properties.
58

  

 Tannin derivative and flavonoids represent a potential to have thermomechanical 

properties that surpass DGEBA based on their molecular structure. The increased ability 

to crosslink via gallic acid derivatives shows a promising way to achieved extremely 

high glass transition temperatures. Catechins also exhibit a molecular architecture that 

indicates a promising replacement of bisphenol A for structural applications and warrant 

further study for viability in vacuum infusion systems and coatings. Additionally optimi-

zation of their synthesis or extraction from biobased chemicals or biomass respectively 

is important for reducing their cost and being able to produce these resins at a larger 

scale. 

1.5.3 Tree Rosin and Terpene  

Terpenes and rosin can be derived from fruit peels and trees and offer good struc-

tural rigidity and have readily modifiable functional groups such as double bonds and 

carboxylic acids. Rosin consists of many different compounds, but abietic acid is a main 

component and consists of a fused aliphatic ring structure and is considered in the 

broader family of terpenes. Smaller terpenes such as limonene and α-pinene do not have 

the large fused ring structures of abietic acid, but they are readily extracted from citrus 

peels and are commercially available. 

Mantzaridis et al.
59

 have shown that rosin acid mixtures comprised of abietic ac-

id, dimers, and trimers when epoxidized using mCPBA can possess both carboxylic acid 

groups and aliphatic epoxides. Additionally glycidylation can be performed on the 

carboxylic acids while leaving the double bonds free producing glycidyl esters. Addi-

tionally the glycidyl esters were characterized as viscous liquids at room temperature 

and could easily be mixed with DGEBA. When cured with isophorone diamine and 

different amounts of DGEBA they report a decrease in modulus and a decrease in glass 

transition temperature. When these rosin based materials are cured without DGEBA they 
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show a glass transition temperature as high as 93 °C and a glassy storage modulus of 1.2 

GPa.
59

  

 

Scheme 1.5.3-1. Routes to O-glycidylation and epoxidation of rosin and terpenes  

Terpenes such as limonene and α-pinene are naturally abundant and offer a rigid 

aliphatic structure and addition of a phenol to the double bonds present in the terpenes 

offers a structural backbone appears to be more rigid than bisphenol A. This process was 

patented by Sellers of Union Carbide in 1968
36

 and when cured under identical condi-

tions to DGEBA show increased heat distortion temperatures of near 180 °C and is 30 

°C higher than that of a DGEBA system. The double bonds of limonene and α-pinene 

can also be epoxidized, but purely aliphatic epoxides have much lower reactivity than 

the glycidyl ether or glycidyl ester counterparts.
6
 However these materials are devoid of 

any chromophores and as such are readily polymerized by photopolymerization methods 

pioneered by Crivello and coworkers.
23

 Park et a.l
60

 showed that polymerization of 

limonene diepoxide and α-pinene is possible utilizing diaryliodonium salt and tri-

arylsufonium salt photoinitiators and provided mechanistic insight into how the cationic 

photopolymerization works. Furthermore, this work led to a series of publications of 
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how terpene epoxides can lead to “kickstarting” oxetane photopolymerizations and 

copolymerizations with a wide range of monomer systems.
61,62

  

The photopolymerization of aliphatic epoxy resins broadly fits into the use of 

epoxy resins as protective coatings and is a solution to the classical problem of epoxy 

resins needing a hardener component that introduces a “pot-life” to the mixture. Howev-

er there are requirements that should be noted in working with photopolymerizations 

such as requiring low viscosity epoxy resins that are completely aliphatic. There are 

advantages to these systems in faster cure times, elimination of pot-life, and high solids 

coatings. This is an example of where resins comprised of bisphenol A are not always 

the best and in the space of UV photopolymerizations the resin 3,4-

Epoxycyclohexylmethyl 3,4-epoxycyclohexanecarboxylate is the current industrial 

standard.
6
 

1.5.4 Furfural Derivatives 

Furfural derivatives such as furan dicarboxylic acid are being produced primarily 

for polyester synthesis,
41

 but are also finding use as epoxy resins. Furfural and its 

derivatives such as 5-hydroxymethyl-2-furfuraldehyde can be either be extracted or 

synthesized from raw biomass feedstocks such as corncobs and lignocellulose. The 

majority of interest in furfural derivatives is in 5-hydroxymethyl-2-furfuraldehyde is 

because it can be converted to a number of compounds such as furan dicarboxylic acid 

and levulinic acid.
37

 Furan dicarboxylic acid has notably been utilized for the synthesis 

of polyesters for replacement of polyethylene terephthalate, but only recently have 

advances been made in utilizing these derivatives for epoxy resins. 

Hu et al.
63

 have utilized 2,5-bishydroxymethyl furan to synthesize epoxy resins 

using epichlorohydrin via a phase transfer catalyst method and show similar mechanical 

properties to that of the corresponding phenyl derivative show in Scheme 1.5.4-1 as the 

crosslinkers used. The glass transition temperature of the furan based resin when com-

pared to the phenyl derivative was similar when cured with the same crosslinker and 

differed by only 8 °C when cured with EPIKURE W under the same conditions (80 and 

88 °C respectively). The glassy modulus of the furan based polymers were also almost 

identical when cured with EPIKURE W. The largest change that can be noted was when 
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4,4’methylene biscyclohexanamine was utilized as a curing agent resulting in the furan 

based resin having lower glassy modulus and glass transition temperatures than the 

phenyl based control. The one benefit that can be noted from this particular resin archi-

tecture is that the viscosity of both resins was extremely low at 0.05 Pa.s and is far lower 

than the diglycidyl ether of bisphenol A that is commercially available and this would 

make the resin an ideal infusion resin or reactive diluent.
63

  

 

Scheme 1.5.4-1. Synthetic pathway towards epoxy resins derived from 5-hydroxymethyl-2-

furfuraldehyde and the corresponding phenyl derivative 

 A similar epoxy resin system is reported by Ma et al.
64

 utilizing furan dicarbox-

ylic acid with allyl bromide and epoxidation of the resulting diallyl ester with m-

chloroperbenzoic acid. The furan based resin was compared to a terephthalic acid based 

system and DGEBA curing with a polyamine based crosslinker and an anhydride based 

crosslinker separately showing competitive performance to DGEBA when an anhydride 

based crosslinker is used with the shown in Scheme 1.5.4-2.  The difference in utilizing 

a ester based resin vs an ether based resin from Hu et al.
63

 is astounding with very high 

glass transition temperatures for the epoxy resins being produced from furan dicarbox-

ylic acid based resins at 152 °C for the anhydride cured system and 102 °C for the 

polyamine based system and that these properties are also superior to the terephthalic 

acid based epoxy resin system as well. The flexural and elastic modulus of the prepared 
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epoxy resins from FDCA is also competitive with DGEBA systems at ~3 GPa. Addi-

tionally it is also worth noting that anhydride cured epoxy resins require 1 anhydride 

group for each epoxide therefore the amount of anhydride can in theory be a very large 

weight percentage component of the cured material. 

 

Scheme 1.5.4-2. Two step pathway to diglycidyl esters of furandicarboxylic acid and route to 

terephthalic acid based control with the two crosslinkers used for curing 

 While the two systems described above are similar the difference between ether 

versus ester linkage makes a dramatic difference in the cured resin properties. The ester 

based resins appear to give much higher performance from a glass transition tempera-

ture, but does not have a dramatic difference in the glassy modulus of the cured polymer. 

The significant change in the thermal properties of the ester based resins could be due to 

hindered rotation due to the planar nature of ester groups. Additionally, the very low 

viscosity of the ether based furan system is a value added benefit as design of low 

viscosity epoxy resins can enable vacuum infusion molding of continuous fiber compo-

sites. The ester based system is reported to be a solid, but no rate of crystallization is 

reported, melting point, or rate of crystallization. A comparison of the two resin viscosi-

ties could give valuable insight to design of high glass transition temperature resin with 

low viscosities. 
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1.5.5 Isosorbide 

Sugar derivatives such as isosorbide have received extensive attention for re-

placement of bisphenol A in epoxy resin applications. The earliest patents of isosorbide 

based epoxy resins date back to James G. Morrison in 1962
65

 and further include other 

sugar derivatives such as mannitol and iditol. The sugars are derived from corn feed-

stocks and recently have gained traction from corn interest groups.
66

 While corn is 

biobased it is still directly linked to food production and if scaled could have dramatic 

impacts on the cost of food and could ultimately be unsustainable. However the structure 

property relationships deserve attention as they could further inform design of new 

biobased resins that are not derived from food feedstocks. The isosorbide resin and 

different pathways to the resin are shown in Scheme 1.5.5-1. 

Lukaszczyk et al.
67

 prepared water soluble isosorbide based epoxy resins via 

epichlorohydrin under caustic conditions and compared against a commercial BPA 

based resin using identical crosslinkers. Poor reactivity of the secondary hydroxyls and 

hydrogen bonding also required harsh conditions (i.e. utilizing 50% sodium hydroxide at 

reflux with continuous water removal) and also leads to oligomerization. The cured 

materials properties showed competitive or better flexural modulus and Izod impact 

strength than the commercial epoxy resin. Lukaszczyk et al.
67

 were also able to show 

that the isosorbide resins had good chemical resistance, but were not resistant to acids or 

bases and could severely limit isosorbide’s uses in protective coating applications. 

 

Scheme 1.5.5-1. Two synthetic routes to preparation of isosorbide derived epoxy resins 
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Chrysanthos et al.
68

 prepared isosorbide based resins via caustic coupling with 

epichlorohydrin and a two-step method utilizing allyl bromide. The allyl bromide route 

allowed for pure diglycidyl isosorbide resins and they were able to show small gains in 

glass transition temperatures when compared to a oligomerized compound prepared 

through caustic and epichlorohydrin. Additionally they reported that the polymers 

absorbed significant amounts of water and could be detrimental to the glassy modulus.
68

 

Hong et al.
69

 prepared water soluble based isosorbide and isosorbide diamine crosslink-

ers and compared directly to DGEBA based resins and diethylene triamine crosslinker. 

The elastic modulus of the resins were comparable to each other in the 1-2 GPa range 

and impact strength for the isosorbide resins and crosslinkers showed significant im-

provements. The glass transition temperatures of the isosorbide based systems were 

significantly lower than DGEBA when cured with diethylene triamine and the isosorbide 

based diamine. Additionally, the isosorbide based systems swelled dramatically in water, 

up to 30-50% when both isosorbide based resin and crosslinker were used in conjunc-

tion.
69

 This can present a problem as epoxy resins are typically used as protective 

coatings.  

The one benefit that isosorbide appears to yield is that it allows for slightly 

tougher epoxy resins with competitive or better elastic modulus values when dry. These 

resins may find interesting application in waterborne epoxy resin coatings or as structur-

al materials when combined with anhydride crosslinkers or in conjunction with a 

hydrophobic coating. It would also be worth noting that there is a potential for recycling 

of composite fillers with isosorbide resins at the end of a product lifecycle that is cur-

rently not possible with bisphenol A based systems. 

1.5.6 Unsaturated Fatty Acids and their Derivatives  

Unsaturated triglycerides are one of the most abundant biological feedstocks 

available and are typically available from plants such as soy, linseed, rapeseed, Tung, 

corn and olive. Saponification of isolated unsaturated triglycerides leads to unsaturated 

fatty acids and the origin of the plant determines the degree of unsaturation, placement 

of the unsaturated bonds, and length of length of fatty acid. The plant oils with an 

abundance of double bonds were initially used in drying oils that would harden over 
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time to a tough solid film through oxidative crosslinking.
18

 They can also be used as 

components in alkyd resins in conjunction with appropriate polyols and dicarboxylic 

acids. Additionally, the double bonds unsaturated triglycerides and the derived unsatu-

rated fatty acids can undergo epoxidation to yield low viscosity aliphatic epoxy resins. 

Epoxidized soybean oil has been a commercial product for over 30 years and there is 

extensive literature already published on the properties of the derived materials and 

recent advances have been in new methods of utilizing unsaturated fatty acids in thermo-

setting applications. 

Huang et al.
70

 have recently prepared epoxy resins based on from Diels-Alder re-

actions of tung oil methyl esters using fumaric acid or acrylic acid, hydrolysis of the 

ester and and then glycidylation of the carboxylic acids with epichlorohydrin under 

alkaline conditions. The resins were characterized to have low viscosity at 787 mPa.s for 

the triglycidyl resin and 163 mPa.s for the diglycidyl resin and are much lower than a 

commercial bisphenol A based resin at 3331 mPa.s. When cured with an anhydride 

crosslinker the triglycidyl resin exhibited the highest glass transition temperature at 131 

°C (37 °C less than DGEBA) and the diglycidyl derivative at 80 °C, but was much 

higher than epoxidized soybean oil. The elastic modulus of both resins was similar to 

DGEBA in the 2-3 GPa range. Structures of the starting materials the resins, and cross-

linker are shown in Scheme 1.5.6-1. 
70
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Scheme 1.5.6-1. Routes to two different tung oil based resins based on dieneophile used 

Huang et al.
71

 further explored utilization of tung oil glycidyl esters by curing 

with maleic anhydride and a bismaleimide taking advantage of the anhydride-epoxide 

reaction as well as Diels-Alder reactions. This system did not provide as high of a glass 

transition temperature or modulus as the previous work described above, but it does 

present resin composition that could have a great potential for self-healing while also 

providing moderate tensile modulus and strength with the highest reported glass transi-

tion temperature of 106 °C.
71

 The starting materials and pathways to crosslinked 

thermosets are shown in Scheme 1.5.6-2. 
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Scheme 1.5.6-2. Two methods to crosslink including anhydride reactions with glycidyl ester and 

Diels-Alder reactions with eleostearic acid 

 Epoxidized sucrose esters of fatty acids described by Pan et al.
72

 utilized an 

anhydride crosslinker and exhibited significantly better thermal and mechanical proper-

ties than epoxidized sucrose oil. The highest tensile modulus reported was 644 MPa with 

a tensile strength of 20 MPa and the highest glass transition temperature was 104 °C. 

The authors further explored the epoxide to anhydride equivalent ratio ranging from 0.3 

to 0.75 (epoxide:anhydride) finding optimal properties at the 0.5 to 0.75 ratios. The 

materials further exhibited excellent chemical resistance to methyl ethyl ketone and 

better hardness than epoxidized soybean oil.
72

  

 Epoxidized fatty acids and triglycerides have extremely low viscosity and thus 

can be utilized for vacuum infusion molding, but the properties have historically been 

lacking for structural composites both in modulus and glass transition temperature. The 

work described in this section represents significant advances in utilizing the abundance 

of epoxidized oils and increasing the performance of the materials. Utilization of these 

materials with high modulus fillers such as cellulose, glass fiber, or carbon fiber could 

generate new high performance biobased materials with increased sustainability and 

potential for degradability.  
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1.5.7 Cashew Nutshell Liquid 

Cashew nut production is valued at billions of dollars globally and in the process 

of producing cashew nuts for human consumption the shells of the nut are an inevitable 

byproduct. The cashew nut shell at once thought to be a waste product is now a highly 

valued biobased feedstock and is a prime example of how waste products can be con-

verted into useful chemicals. Cold pressing of the shells and heat distillation of the liquid 

yields technical grade cardanol—a lipid with a phenolic head and unsaturated lipid tail. 

As seen in unsaturated fatty acid and their derivatives the double bonds in cardanol can 

easily be modified to contain epoxide groups, but the phenolic head offers much more 

chemical reactivity and potential for modification. Indeed, cardanol has been the basis 

for the foundation of the Cardolite Corporation’s and is being explored by academics for 

new biobased epoxy resins and reactive additives. 

Jalliet et al.
2
 have recently reported the properties of a commercial resin pro-

duced from the Cardolite Corporation under the trade name Cardolite NC-514. When 

cured with isophorone diamine the glassy modulus measured by dynamic mechanical 

analysis was 1218 MPa and was only ~200 MPa less than DGEBA cured in an identical 

way. The glass transition temperature measured by the peak of tan δ was 59 °C and 

about 100 °C less than that of the measured DGEBA. Furthermore, the cardanol based 

resins start to degrade under both air and nitrogen above 350 °C. They also made in-

sights to the actual structure of the resin versus the idealized structure through epoxide 

equivalent weight titrations, gel permeation chromatography, and NMR with structures 

shown in Scheme 1.5.7-1.
2
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Scheme 1.5.7-1. Structures of cardanol, idealized NC-514 structure and potential actual resin 

structure as a dimer 

Dworakowska et al.
73

 utilized Cardolite NC-514, vegetable oil amines, and 

poly(methylhydrogenosiloxane) as a blowing agent to create epoxy resin foams. Based 

on the previous work with Cardolite NC-514 the glass transition temperatures were low, 

but has applications as biobased insulation materials. Cell structure of the foams was 

disperse with cell sizes ranging from 150 um to 10 um, which the authors attribute to 

high surface tension between the blowing agent the epoxy resin. Further work in reduc-

ing surface tension, characterization of thermal conductivity, and the elastic modulus of 

the foams would allow for more detailed structure property relationships to be deter-

mined. 

Kathalewar and Sabnis
74

 performed an uncontrolled reaction of maleic anhydride 

with acetylated cardanol at 180-190 °C and then simultaneous hydrolysis and glycidyla-

tion with epichlorohydrin under alkaline conditions providing triglycidyl ester resins of 

numerous architectures as shown in Scheme 1.5.7-2. Because the reactions are relatively 

uncontrolled and produce a large amount of different products it was not possible for the 

authors to quantify each product, but an overall epoxide equivalent weight was able to be 

determined for the prepared resin and extensive properties for coatings was determined 
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with different loadings of DGEBA. Optimal properties were exhibited at loadings of 40-

60% DGEBA in terms of chemical resistance, hardness, secondary adhesion, and 

increased flexibility. Glass transition temperatures ranged from 35 to 60 °C for the 

different components. It should additionally be noted that introduction of the glycidyl 

cardanol derivatives increased anti-corrosion resistance dramatically and the longevity of 

the coating under corrosive conditions.
74

 

 

Scheme 1.5.7-2. Representative structures of major products of cardanol-maleic anhydride based 

epoxy resins 

 Enzymatic epoxidation of the cardanol double bonds via immobilized Candida 

antartica lipase B (N435) and a selective aromatic polymerization utilizing a fungal 

peroxidase from C. cinerus was performed to obtain both polycardanol and poly-

epoxidized cardanol was explored by Kim et al.
75

 and is shown in Scheme 1.5.7-3. 

Suitable solvents for epoxidation with acetic acid and N435 explored with optimal 

epoxidation occurring in toluene at 95% and 94% for cardanol and polycardanol respec-

tively. The polymerization with a peroxidase was optimal in 2-propanol:phosphate 

buffer (50:50) yielding 74% for cardanol and 96% for epoxide containing cardanol. 

Polycardanol shows relatively low hardness (H) after a five hours at 150 °C and curing 

epoxide containing polycardanol results in a hardness of H after 3 hours and 9H (highest 

value in pencil hardness test) after five hours at 150 °C. When epoxide containing 

polycardanol was cured with a phenalkamine (Cardolite NC540) 5H hardness was 
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obtained at 2 hours, 7H at 3 hours, and >9H at 5 hours at 150 °C. The obtained materials 

are interesting and warrant further study in traditional epoxy resin applications and their 

potential to replace traditional thermosets.
75

 

 Overall, cardanol based materials suffer from low glass transition temperatures 

due to the molecule having a great degree of flexibility and freedom of rotation due to 

the unsaturated aliphatic chain, but unlike triglycerides and fatty acids the phenolic head 

represent a rigid aromatic building block. As seen with Pan et al.
72

 unsaturated fatty 

acids based materials were able to reach glass transition temperatures of 104 °C with 

anhydride crosslinkers mainly due to a rigid sucrose core enabling a rigid crosslink 

point. Additionally differences in reactivity of glycidyl ether versus an aliphatic epoxide 

could also enable interesting resins with unique reactivity. 

1.5.8 Diacids 

Diacids that have traditionally been aimed at production of polyesters have re-

ceived little to no attention for epoxy resins synthesis. Early reports of glycidyl esters 

were reported by Maerker et al.
76,77

 utilizing stearic and azelaic acid with epichlorohy-

drin in a large excess and explored in depth over two additional publications. There has 

been extensive patent literature in glycidyl esters as epoxy resins containing glycidyl 

esters have been described to improve epoxy resin weathering capability. Maerker et al. 

report heat distortion temperatures of 138 °C for diglycidyl oxalate and 40 °C for 

diglycidyl sebacate when cured with anhydrides in 1963
77

 and no further reports of 

diglycidyl esters from aliphatic diacids were reported until recently. 

Ma et al.
39

 have recently reported a synthesis of epoxy resins based on itaconic acid 

cured with cyclic aliphatic anhydrides with divinyl benzene or acrylated soybean oil 

with a catalyst and radical initiator shown in Scheme 1.5.8-1. What is interesting to note 

from the reported system is that the epoxy resin based on itaconic acid when cured with 

the anhydride crosslinker alone performed better than DGEBA both in flexural modulus, 

tensile strength, with a glass transition temperature five degrees higher than DGEBA.  

When cured with addition divinyl benzene the glass transition temperatures increased to 

as high as 142 °C taking advantage of the reactive vinyl group of itaconic acid and 

increasing the crosslink density significantly. Ma et al.
39

 further characterized the 
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adhesive properties of the itaconic acid based system finding that the adhesive strength is 

comparable or better than that of DGEBA.  

 

Scheme 1.5.8-1. Diglycidyl Itaconic Acid (idealized structure) with anhydride crosslinker for 

reactions with epoxide and reactive vinyl crosslinkers for vinyl group on diglycidyl itaconic acid 

 Indeed, aliphatic diacids represent an understudied area for epoxy resin synthesis 

and also present a pathway towards degradability of the final thermosetting material. If 

competitive elastic modulus values and glass transitions can be accomplished with epoxy 

resins based on aliphatic diacids then there seems to be little reason to use bisphenol A 

based systems unless properties such as fracture toughness or high viscosity preclude 

their use in specific applications. Epoxy resins from aliphatic diacids and their potential 

for end of life recyclability represent an area of research that needs to be explored more 

extensively.  

1.6 Classical Problems and Future Trends 

This section seeks to highlight some of the classical problems with epoxy resins 

and aims to direct the readers attention to under explored areas of research. While 

current effots are underway to tackle many of these challenges it has been the purview of 

the chemists who primarily synthesize to only observe things such as the glass transition 

temperature and elastic modulus of new materials while not exploring the issues detailed 

below. 

1.6.1 Viscosity 

To date there has been no comprehensive study or body of work that relates bi-

obased epoxy resin structure to physical properties of the uncured and cured resin 

physical and thermal properties.. A way to relate epoxy resin structure to viscosity is 



 

  30  

 

important as the majority of epoxy resin applications relies on control of epoxy resin 

viscosity. Developing an understanding of how to produce ultra low viscosity epoxy 

resins is imperative to developing resins that have applications in composite manufactur-

ing. Alternatively developing high viscosity epoxy resins is relatively unexplored and is 

typically only achieved by addition of rheology modifiers or utilization of longer oligo-

mers of DGEBA.
18

 Issues in developing high viscosity epoxy resins are found in 

decreasing glass transition temperatures due to oligomers or particles inhibit cure of the 

resins due to diffusion limitations. If a high viscosity resins could be developed without 

sacrificing the glass transition temperature or inhibiting the cure this would have imme-

diately application as a structural adhesive.  

1.6.2 Thermal and Mechanical Properties 

Understanding how to manipulate the elastic modulus, fracture toughness, and glass 

transition temperature are also worth exploring. This would allow for gaining insight of 

what structural changes will influence the elastic modulus or glass transition temperature 

with respect to a pure DGEBA. Being able to surpass the thermal or mechanical proper-

ties of a DGEBA based resin is important as it represents a higher value resin and would 

make a biobased alternative more attractive for development from an economic stand-

point. 

 Glass transition temperature is has been shown to be very dependent on the 

crosslink density of the cured epoxy resin, but high crosslink density also has a detri-

mental effect to the material’s fracture toughness. Optimizing epoxy resin fracture 

toughness, glass transition temperature and elastic modulus is most likely unachievable 

through resin design alone, but would also benefit in utilization of nanoparticles and 

formulation with different resins. Additionally, while undergoing optimization of all 

these properties it is important to keep understand how formulation and fabrication with 

other resins and nanofillers changes viscosity and the potential ability to process the new 

resin formulations for specific applications. Gains in fracture toughness or glass transi-

tion temperature may be meaningless if the original application such as infusion molding 

is no longer feasible. 
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1.6.3 End of Life 

The last classical problem of epoxy resins and thermosets in general is that they 

are crosslinked polymers and do not readily degrade. Increasing the use of thermosets in 

markets such as composites and structural materials is set to increase and understanding 

what to do with these materials after they have reached their end of life is paramount to 

reutilizing the materials and reducing waste globally.  

One scenario would be to design a thermoset polymer that is readily recycled back 

to it’s monomeric state, but this also represents a challenge in developing a whole 

industry around a new polymer that may not be feasible for a broad range of applications 

and has already started being pursued.
78

 Alternatively, researchers can develop new 

monomers of existing polymers where they are already used in industry (e.g. composites, 

coatings, and adhesives) such as epoxy resins or phenolic resins with the ultimate goal of 

chemical recycling. Developing a chemically recyclable polymer would require placing 

labile bonds within the backbone of the main polymer chains. Further in developing 

these new monomers they also need to be processable by current methods and the final 

properties of the resin need to be competitive with DGEBA. 

1.7 Scope and Approach of Thesis 

This work is divided into four chapters of primary work all related towards under-

standing the structure property relationhsips of epoxy resins are related to structure-

property relationships of new epoxy resins, copolymerization of resin formulations, and 

nanocomposites. Each chapter seeks to explore multiple facets of how to overcome 

many of the outlined problems from Section 1.6 while utilizing biobased feedstocks and 

deriving fundamental design principles of epoxy resins. By understanding fundamental 

principles of how to design new epoxy resins better resins can be developed for specific 

applications such as composites, coatings, and adhesives. As such this thesis can be 

divided into three main thrusts 1) understanding how epoxy resin structure relates to the 

glass transition temperature and glassy phase modulus, 2) how epoxy resin structure and 

physical properties of materials can be modified to improve fracture toughness, and 3) 

designing monomers with labile bonds that could be chemically degraded under specific 
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conditions and provide a potential end of life for polymers. The ultimate goal of this 

work is to show how biobased epoxy resins can not only be competitive with current 

industrial standards, but assess their processability for conventional manufacturing 

techniques. An oft overlooked property of viscosity is explored in depth and is a critical 

component to understanding how epoxy resins could be relegated to specific applications 

such as composites or adhesives. 

1.7.1 Development of New Biobased Resins 

The syntheses of new resins is found in chapters 2, 6, and 7 and are primarily fo-

cused on the synthesis of new epoxy resins and understanding their properties in the 

monomer and final cured states. The resins are benchmarked against DGEBA and 

exhibit competitive glassy phase modulus, variable glass transition temperatures. Addi-

tionally the viscosities and of these new resins are characterized and applications are 

discussed for specific resins with chapter 5 focused primarily on the development of 

infusion resins with a biobased reactive diluent. The new structures presented are varied, 

dynamic, and have immediate potential for real world applications. 

1.7.2 Improving Fracture Toughness of Epoxy Resin Materials 

Chapters 3 and 4 are primarily concerned with developing epoxy resin mixtures 

to develop routes to make epoxy resin materials that have inherent resistance failure by 

brittle fracture. Chapter 3 explores a single phase toughening system with a flexible 

epoxy resin derived from cashew nutshell liquid. Chapter 4 utilizes that same flexible 

epoxy resin and incorporates reduced graphene oxide nanofiller to enhance the fracture 

toughness through an overall improvement of the mechanical properties. Together these 

two chapters and the existing literature on improving epoxy resin fracture toughness can 

be combined to produce hierarchical polymeric structures that have outstanding fracture 

toughness. 
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1.7.3 Chemical Recycling of Epoxy Resins and Ferulic Acid 

Chapter 6 and 7 in addition to presenting structures that can potentially replace 

the diglycidyl ether of bisphenol A also present biobased epoxy resin structures that have 

the potential to be chemically recyclable. Chapter 6 demonstrates that strong bases can 

be potentially detrimental to the synthesis of glycidyl esters and potentially requires a 2-

step procedure of allylation and epoxidation. While chapter 6 does not perform experi-

ments on saponification of the materials chapter 7 does present these experiments. 

Overall, incorporation of esters into the main chain of the polymer present a potential 

pathway to produce alkaline instable polymers that will readily undergo saponification 

and is a potential pathway to recover reinforcing fillers or other materials used in conjuc-

tion with epoxy resins.   



 

Portions of this chapter previously appeared as: Maiorana, A.; Spinella, S.; Gross, R.A. 

Bio-Based Alternative to the Diglycidyl Ether of Bisphenol A with Controlled Materials 

Properties, Biomacromolecues. 2015 16 (3), pp 1021-1031. 
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2. Epoxy Resins of n-Alkyl Diphenolate Esters 

2.1 Introduction 

Levulinic acid is of interest as a biobased platform chemical because it can under-

go many chemical transformations.
79

 Furthermore, levulinic acid is produced from 

cellulose—the most abundant biomacromolecule on the planet, by the acid hydrolysis of 

cellulose and resulting C6 sugars.
80

 Kinetic studies have been conducted to understand 

how levulinic acid is formed from both monomeric sugars and cellulose.
31

 Furthermore, 

at the lab scale, lignocellulose is being explored as a source of biobased phenol. For 

example, fast pyrolysis is a promising approach for conversion of lignocellulose to a 

mixture of phenol, guauicol, vanillin, and other phenolic compounds.
43,81

 Also, micro-

wave assisted pyrolysis of lignocellulose with activated carbon yields an oil fraction rich 

in phenol.
33

 Diphenolic acid (DPA) is synthesized by condensation of levulinic acid with 

two equivalents of phenol. Structural similarities between diphenolic acid and BPA has 

been recognized by others who are seeking a BPA replacement for polycarbonates.
82,83

 

The relative binding affinity of DPA to the estrogen receptor is an order of magnitude 

lower than BPA.
84

 Increases in yield and selectivity for the desired para, para isomer of 

DPA (essential for synthesis of polycarbonates) have also been reported.
83,85

   

Furthermore, DPA has been used to prepare high performance benzoxazine 

thermosets that give excellent thermal and mechanical properties.
86

 However, benzoxa-

zines suffer from difficult processing conditions and high curing temperatures.
87

 The 

synthesis of DPA based polycarbonates has also been reported and the ability to selec-

tively de-protect the carboxylic acid to produce water soluble polycarbonates is 

advantageous.
88

 Epoxy resins based on diphenolate esters was known to be used prior to 

the advent of bisphenol A and it’s use has been patented  in conjunction with vegetable 

oils for coatings.
89

 To the best of our knowledge, no peer reviewed articles have been 
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published describing the synthesis and structure-property relationships of DPA based 

epoxies.  

Due to structural similarities between DPA and BPA, we hypothesized that corre-

sponding epoxy resins and materials produced should have similar physical properties. 

However, DPA has a free carboxylic acid which allows for a myriad of chemical modifi-

cations to tune material properties. Herein we chose to prepare and study a series of 

short chain diphenolate n-alkyl esters (see 2.2.1-1). Access to biobased short chain n-

alkanols (e.g. ethanol, butanol) by fermentation of sugars is already well established 

while work continues to increase the efficiency of microbial producing strains to achieve 

higher product titers for both short and relatively longer-chain alcohols for use in fuels 

and as chemicals.
90,91

 Furthermore, derivatives of DPA may further inhibit binding to the 

estrogen receptor although further research is needed to assess its toxicity.  

Here, we report the first synthesis of epoxy resins from esters of DPA. Isophorone 

diamine was selected as a hardening agent since it is a liquid and well-known to be 

effective for this purpose.
6
 Biobased epoxy resins from diphenolate esters were synthe-

sized and used without purification to prepare cured resins that exhibit qualities of 

engineering materials. Furthermore, variation of the n-alkyl ester chain length allowed 

tuning of the cured epoxy resin Tg values (decreased with increasing ester chain length) 

without significant changes in the modulus. Furthermore, direct comparisons of cured 

epoxy materials prepared from diphenolate esters to those from DGEBA provide a 

compelling case for the potential future use of biobased DPA esters.   

2.2 Results and Discussion: 

2.2.1 Synthesis and Characterization of Epoxy Monomers 

The epoxy monomers were prepared by a two-step process depicted in Scheme 

2.2.1-1 (for detailed procedures see experimental section). First, Fischer esterification 

with a large excess of the desired alcohol led to the corresponding ester in yields of 85-

90%. One spot was observed by thin layer chromatography and peaks in the 
1
H NMR 

are consistent with the target esters. Melting points for methyl and ethyl diphenolate 

were obtained by differential scanning calorimetry (DSC) while only Tg values were 
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observed for the n-butyl and n-pentyl diphenolates. The latter is explained by that the n-

butyl and n-pentyl diphenolates crystallize slowly and, after vacuum distillation, cooling 

the flask causes vitrification of these esters. 

 

Scheme 2.2.1-1. Simple two-step synthetic pathway to synthesize n-alkyl diphenolate diglycidyl 

ethers that differ in the chain length of the n-alkanol ester moiety. The diglycidyl ethers of alkyl 

diphenolates (DGEDP-methyl ester; DGEDP-ethyl ester; DGEDP-n-butyl ester; DGEDP-n-pentyl 

ester) were prepared 

Glycidation was performed by reaction of diphenolic esters with excess epichlo-

rohydrin under alkaline conditions in a homogeneous reaction solution. The resulting 

epoxy resins were obtained in yields from 85-97%. Products were analyzed by 
1
H-NMR, 

13
C-NMR and high resolution mass spectrometry (see Experimental) and their physical 

properties were further characterized by viscosity and epoxy equivalent weight.  

DGEDP-methyl ester was first characterized by 
1
H-NMR (Figure 2.2.1-1), and 

the peak positions of the higher intensity set of resonances were assigned based on 

predicted chemical shift positions using ChemDraw. Further rational for peak assign-

ments based on analysis of the corresponding  
1
H-

1
H COSY NMR spectrum (Appendix 

1) is given in the Appendix 1.  In addition, a set of relatively low intensity peaks ob-

served at 2.61, 2.83, 3.17, 3.85, and 4.36 ppm were assigned to glycidyl ester protons  

Hγb’, Hγa’, Hβa’, Hαb’, and Hαa’, respectively. Hence, DGEDP-methyl ester contains low 

levels of DGEDP-glycidyl ester (Figure 2.2.1-1). Further, a low intensity peak was 

observed at 2.15 ppm corresponding to the CH2 alpha to the carbonyl labeled as H3b that 

is located downfield from H3a. The origins of the glycidyl ester side reaction are likely 

due to the proclivity of the methyl ester to undergo in-situ hydrolysis by alkali forming 

the corresponding carboxylate anion that reacts with excess epichlorohydrin (Scheme 
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2.2.1-1). In addition, a group of low intensity broad multiplets were observed between 

4.15 and 4.0 ppm and 3.78 and 3.69 ppm that correspond to protons of glycidyl moieties. 

The presence of these resonances indicates that low contents of other side products form 

during glycidation with epichlorohydrin by reactions such as hydrolysis of epoxy 

groups, incomplete dehydrochlorination, formation of bound chlorides, oligomerization, 

and abnormal addition to the epichlorohydrin.
6
 This is also consistent with findings by 

Nouailhas et al.
56

 who prepared diglycidyl ethers of resorcinol. All 1H NMR spectra are 

shown in the Appendix 1. 

To further characterize the series of diglycidyl ether n-alkyl diphenolates synthe-

sized herein, 1D 
13

C-NMR spectra were recorded. The 
13

C-NMR spectrum of DGEDP-

methyl ester along with peak assignments is shown in Figure 2.2.1-1 while spectra for 

the other esters in the series are given in the Appendix 1. The spectrum in Figure 2.2.1-1 

confirms that DGEDP-methyl ester is the major product that contains low levels of the 

corresponding glycidyl ester. To validate assignments of 
13

C-NMR spectra, a Heteronu-

clear Multiple-Quantum Correlation experiment was performed for DGEDP-methyl 

ester. The HMQC spectrum and a discussion of  on carbon-hydrogen connectivity that 

was used to assign 
13

C-NMR signals is given in SI 5.   
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Figure 2.2.1-1. 
1
H NMR (500 MHz, CDCl3) of DGEDP-methyl ester 

Proton-NMR was used to determine mol-% values of glycidyl ester coproducts 

for the series of diglycidyl ether n-alkyl diphenolate esters synthesized herein. This was 

accomplished by comparing the relative 
1
H-NMR peak intensity of the methyl singlet 

(CH3) at 1.57 ppm to integrations of protons alpha (Hαa’,Hαb’), beta (Ha’) and gamma 

(Ha’,Hb’) to the glycidyl ester. The DGEDP-methyl and ethyl esters contained 6 and 3 

mol% glycidyl ester, respectively. 
1
H-NMR spectra for DGEDP-n-butyl and DGEDP-n-

pentyl esters are consistent with the proposed structures in Scheme 2.2.1-1. Furthermore, 

signal intensities for glycidyl ester protons for DGEDP-n-butyl and DGEDP-n-pentyl 

esters is below the detection limit (< 1 mol%). The decrease in glycidyl ester formation 

for longer chain n-alkyl esters is likely related to the lower volatility of longer chain 

alcohols that would form by hydrolysis (Scheme 2.2.1-2) and the potential reversibility 

of the hydrolysis reaction.   
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Scheme 2.2.1-2. Potential pathway for a side reaction with hydrolysis of the methyl ester to the 

corresponding carboxylate anion under alkaline conditions to produce the glycidyl ester co-product  

 To further characterize the structure of the diglycidyl ether n-alkyl diphenolate 

ester series, 
13

C-NMR spectra were recorded. The 
13

C-NMR spectrum of the methyl 

ester is shown in Figure 2.2.1-2. 
13

C-NMR spectra of other members of the ester series 

are given in the Appendix 1. To confirm assignments of 
13

C NMR spectra from carbon-

hydrogen connectivity data, a Heteronuclear Multiple-Quantum Correlation (HMQC, SI 

5) spectrum was recorded. For example,  connectivity of protons at 4.36 and 3.84 ppm 

(Hαa’ and Hαb’) to the 
13

C NMR signal at 64.97 ppm allowed unambiguous assignment of 

this carbon to that of the glycidyl ester methylene (6’). Connectivity between the glyc-

idyl ester proton beta to the ester at 3.16 ppm (Hβa’) and the 
13

C NMR signal at 49.28 

confirmed the assignment of carbon 8’. Also, the glycidyl ester protons gamma to the 

ester (Ha’, Hb’: 2.83, 2.61 ppm) showed connectivity to a grouping of 
13

C NMR signals 

that are closely spaced between 44 and 45.5 ppm.  Since we anticipate the signal intensi-

ty of carbon 9’ to be of low intensity, this carbon was assigned to signal at 44.65 (see 

expanded region in Figure 2.2.1-2). Other assignments that show correlations between 

carbons and protons in the HMQC are shown in Appendix 1.  
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Figure 2.2.1-2. 
13

C-NMR (500 MHz, CDCl3) for the DGEDP-methyl ester showing glycidyl ester co-

product peaks 

Mass spectra of the epoxy resins were obtained in electron spray ionization mode 

by direct injection and ionization with ammonium due to poor solubility of the epoxy 

resins in typical eluents as well as their poor ionization potential.  Consequently, all m/z 

are reported with addition of a NH4+ ion [M + NH4]. The mass spectrum in Figure 

2.2.1-3 has a high intensity signal at 444.2385 that corresponds to the DGEDP-ethyl 

ester molecular ion (+NH4). The molecular ion corresponding to the glycidyl ester co-

product at 472.2328 m/z (glycidyl ester mass + NH4) is also observed. In addition, the 

mass spectrum shows m/z peaks at 814 and 870 (dimer mass + NH4+) that correspond to 

formation of two different dimeric species. The dimer at m/z at 814 is well known to 

occur as a coproduct that forms during epoxy resin synthesis via ring-opening of the 

epoxide by a free phenolic group.
6
 The second dimer at m/z 870 was not expected and is 

most likely formed by coupling of the aromatic rings under Fischer esterification condi-

tions. Indeed, the mass of this dimer corresponds to doubling of the molecular weight 
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minus two hydrogen atoms. Mass spectra of the other diglycidyl ether n-alkyl dipheno-

late esters are shown in SI 6.   

 

Figure 2.2.1-3. Direct infusion ESI mass spectrum of DGEADP-ethyl ester where all m/z peaks 

contain NH4
+
 

The epoxy resins synthesized herein are liquids that exhibit Newtonian behavior 

under sheer rates below 100 s
-1

 (Figure 2.2.1-4a). Viscosity values reported in Table 

2.2.1-1 were determined at 25 °C by rotational rheology as an average from the Newto-

nian region. The diglycidyl ether of diphenolate esters exhibit sheer thinning as the sheer 

rate was increased.  The dependence of sheer rate on sheer thinning for the series of 

DGEDP-n-alkyl ester chain lengths is as follows: methyl > ethyl > butyl ≈ pentyl (Figure 

2.2.1-4a a). Viscosities decreased with increasing n-alkyl ester chain length. This general 

trend is expected since longer ester groups increase epoxy resin flexibility. However, the 

magnitude of viscosities decreases dramatically from the methyl to ethyl ester and then 

in a linear fashion for each additional methylene unit in the n-alkyl ester (Figure 2.2.1-
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4b).  Table 2.2.1-1 also shows that, although the viscosity of DGEBA is below that of 

DGEDP-n-pentyl ester (4 vs. 12 Pa.s), their values are similar.  

 

 

Figure 2.2.1-4. a) Rotational rheology at 25 °C of synthesized epoxy resins compared to the DGEBA. 

b) Viscosity as a function of ester length for the prepared resins with trend line produced from 

diamond shaped symbols and exludes the square symbol 
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Table 2.2.1-1. Comparison of viscosities, experimental and theoretical epoxide equivalent weight, 

and the glass transition temperate (Tg) of diglycidyl ether diphenolate esters 

 

Viscosity 

(Pa.s) Measured EEW
b
 Theoretical EEW

c
 

DGEBA 4 175
a
 170 

DGEDP-methyl ester 792 215 ± 18 206 

DGEDP-ethyl ester 63 222 ± 8.6 213 

DGEDP-n-butyl ester 18 243 ± 7.4 227 

DGEDP-n-pentyl ester 12 265 ± 3.7  234 

 a 
From certificate of analysis supplied by vendor. 

 
b
Epoxide equivalent weights (EEW) were determined by ASTM D1652. Standard deviation values 

were calculated from n=3.  

 c
Determined from equations supplied by reference 33. 

The disproportionately high viscosity for DGEDP-methyl ester described above 

prompted us to further analyze the above data as well as look for other explanations. To 

further explore the extent that oligomerization occurs during the synthesis of diglycidyl 

ether n-alkyl diphenolate ester resins, experimental and theoretical epoxide equivalent 

weights (EEWs) were determined. If the experimental EEW is much greater than the 

theoretical value for DGEMDP, this would indicate that oligomerization occurred and 

explain higher viscosities of the corresponding products. However, for the methyl and 

ethyl esters, experimental and theoretical values of EEW are indistinguishable given 

experimental variability and further indicate that oligomer formation is minimal. Also, 

differences between experimental and theoretical EEW values for the n-butyl and n-

pentyl esters are small (7 and 13%, respectively). Thus, the above analysis provides no 

evidence for significant oligomerization for DGEDP-methyl ester as well as its longer 

chain ester analogs.     
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The discrepancy in viscosity for DGEDP-methyl ester provided the motivation for 

the detailed NMR investigations described above. Indeed, the 
1
H NMR showed that 

DGEDP-methyl ester differed from its longer chain ester analogs. The methyl and ethyl 

esters contain 6 and 3 mol% of a glycidyl ester co-product, whereas, the corresponding -

n-butyl and n-pentyl esters showed no evidence (from 
1
H NMR) of glycidyl ester 

formation.  It’s unlikely that 3 mol% glycidyl ester in DGEDP-methyl ester would result 

in an order of magnitude increase in viscosity relative to DGEDP-ethyl ester alone, but is 

rather a combination of intermolecular forces of the ester and the glycidyl ester co-

product. Furthermore, based on 
1
H and 

13
C NMR and qualitative  from mass spectra, 

dimer formation occurs to low extents for all prepared resins and is difficult to measure 

by 
1
H NMR.  The low amount of dimer formation for all of the synthesized epoxy resins 

does not explain the behavior of the DGEDP-methyl ester. Dimer formation primarily 

comes from aromatic coupling and ring-opening of an epoxide by a free phenolic group, 

as discussed above, as opposed to oligomerization during glycidation. Further work is 

planned to explain the disproportionately high viscosity of DGEDP-methyl ester that 

will include detailed studies of intermolecular interactions.   

2.2.2 Fourier Transform Infrared Spectroscopy and Differential 

Scanning Calorimetry 

Modulated and non-modulated differential scanning calorimetry (DSC) and Fourier 

transform infrared spectroscopy (FTIR) were used to qualitatively determine the extent 

of curing that resulted from placing resins under 2-metric tons of pressure for 4 h at 80 

°C and then 4 h at 160 °C (see Experimental Section).  FTIR of the uncured and cured 

resin samples displayed in Appendix 1 were analyzed by attenuated total reflectance. All 

the cured resins prepared herein showed a dramatic decrease in the epoxy vibrational 

band at ~910 cm
-1

 attributed to deformation of the oxirane C-O group. For example, the 

intensity of the vibrational band at ~910 cm
-1

 for the DGEDP-n-butyl ester decreased 

from 90% in the uncured state to a small peak that was difficult to detect above signals 

from other neighboring absorption bands in the cured state. While the use of FTIR as 

described above is not quantitative, it’s clear that the amount of oxirane moieties is 

largely diminished. DGEDP-methyl ester and the other resins had similar decreases in 
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magnitudes of the ~910 cm
-1 

band after curing.  Furthermore, after the cure cycle de-

scribed above, DSC analysis by successive heat-cool-heat scans did not reveal an 

exothermic transition above or below the glass transition. This shows that if additional 

cure occurred during DSC heating it was below the instrumental level of detection. 

Analysis of non-reversible exothermic transitions by modulated DSC was also used 

since it is a more sensitive technique for analyzing the degree of cure. Similarly, no 

significant exothermal transitions were found. Therefore, consumption of epoxy moieties 

and concurrent events of crosslinking during the curing cycle adopted herein results in a 

degree of cure that closely approaches its upper limit. All heating curves are shown in 

Appendix. 

2.2.3 Dynamic Mechanical Analysis and Rheology 

DMA temperature scans gave values of the storage modulus (25 
o
C) and alpha transi-

tion temperatures (related to glass transition) ascertained from the peak of loss modulus 

vs. temperature (Table 2.2.4-1). The storage modulus of DGEDP-methyl ester was about 

25% higher than DGEBA, whereas, longer DGEDP ester chain length analogs (ethyl, n-

butyl and n-pentyl), have storage moduli that are about 15% below DGEBA. Thus, over 

the full range of DGEDP-esters, storage moduli are of similar magnitude to DGEBA. 

Further comparison of DGEDP-methyl ester and DGEBA shows that, in addition to the 

higher storage modulus of the former, its Tg is just 7 
o
C below that of DGEBA.  The 

relatively high storage modulus of DGEDP-methyl ester relative to DGEBA is explained 

by the presence of 6 mol% of the corresponding glycidyl ester co-product that should 

lead to a higher crosslink density. Peaks of the loss modulus are shown in SI 9 

Glass transition temperatures of diglycidyl ether diphenolate esters (both from DSC 

and peak of loss modulus) decrease in a linear fashion with increasing n-alkyl ester chain 

length (Figure 2.2.3-1a). A similar shift in the tan δ peak with increasing n-alkyl ester 

chain length (Figure 2.2.3-1b) also occurs. Through the analysis of the results of the 

DMA and DSC the n-alkyl chain ester moieties are functioning as internal plasticizers 

facilitating movements such as those of polymer chain segments slipping past each other 

at relatively lower temperatures. Indeed, the DGEDP ester side chains provide a means 

by which the Tg can be tuned without changing the crosslinker or cure cycle.   
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Figure 2.2.3-1. a) Alpha transition temperature (peak of loss modulus) and glass transition tempera-

ture as a function of ester length, b) Tan(δ) as a function of temperature 

 

In order to further examine whether increasing the n-alkyl chain length of DGADP 
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rheology (Table 2.2.4-1) by Equation 1 (derived from the rubber elasticity theory)
92

 

where:  

𝑀𝑋 =
𝑝𝑅𝑇

𝐺𝑁
                               (1) 

ρ is the density (determined by ASTM D792-13), GN is the shear modulus, R is the 

universal gas constant, and T is the temperature in kelvin. The shear modulus (GN) of 

cured samples was measured by oscillatory rheology through averaging the frequency 

independent values of G’. Plots are shown in SI 10. Measurements were obtained at a 

temperature equal to the tan δ peak + 50 °C. Mx values for DGEDP-esters and DGEBA 

are listed in Table 2.   

If the ester side-chains of DGEDP’s interrupt network formation, increases in Mx 

would be observed and this can contribute to decreases in glass transition temperatures. 

DGEDP-methyl and ethyl esters have Mx values that are about 30% below that of 

DGEBA. This can be due in part to the presence in these DGEDP-esters of 6 and 3 

mol% DGEDP-glycidyl ester which, presumably, increases the density of crosslinks in 

cured resins. DGEDP-n-butyl and n-pentyl esters have Mx values that are about 10% 

greater than DGEBA. This is consistent with that these DGEDP esters do not have 

significantly quantities of the DGEDP-glycidyl ester. Storage modulus values listed in 

Table 2.2.4-1 do not substantially change as the n-alkyl side-chain length increases from 

ethyl to n-butyl and n-pentyl. Hence, we conclude that n-alkyl side-chains up to n-pentyl 

do not interrupt network formation.   

Mx values determined by oscillatory rheology are higher than that expected for the 

high degree of crosslinks attained (see FTIR and DSC results above) and give larger 

values for DGEBA than those reported in the literature determined by different meth-

ods.
93,94

 There are several reasons that explain this apparent discrepancy. It may be that 

some slippage of the plates occurs at 15 N of normal force that is unavoidable due to the 

thermoset nature of the polymer. Increasing the normal force that would reduce slippage 

can result in sample deformation. Furthermore, the equation used to determine Mx has 

inherent assumption such as strain is homogenous throughout the sample, deformation is 

affine, and steady state conditions at any strain.
95

 Thus, while Mx values likely do not 

accurately describe the average molecular weight between crosslinks, they do give 
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valuable  on the relative crosslinking for a related series of samples. Furthermore, 

determination of Mx by use of a shear parallel plate rheometer minimizes the potential 

for other errors that can occur by other methods such as dynamic mechanical analysis 

through single or dual cantilever where clamping effects become problematic since the 

whole sample must be analyzed. An alternative method such as curing in-situ (e.g. 

curing while samples are within the rheometer) could be used. However, in-situ curing, 

especially of high modulus epoxy networks, is problematic since high torque is experi-

enced during the cure cycle that can damage the rheometer. 

2.2.4 Tensile Testing 

Figure 2.2.4-1a shows stress-strain curves recorded for the series of cured-epoxy mate-

rials prepared from DGEDP-esters and Figure 2.2.4-1b shows the comparison of 

Young’s and Storage modulus as a function of the different cured epoxy resins. The 

Young’s modulus, calculated from the linear portion of the stress-strain curve, the tensile 

strength at break as well as the percent strain at break are listed in Table 2.2.4-1.  

Young’s modulus values for DGEBA, DGEDP-methyl and ethyl ester are statistically 

equivalent in value. A decrease in Young’s modulus by about 15% is observed for 

DGEDP-n-butyl and n-pentyl esters relative to DGEDP-methyl and DGEDP-ethyl 

esters. This difference is attributed to the presence in DGEDP-methyl and -ethyl esters 

of 6 and 3 mol%, respectively, of DGEDP-glycidyl ester. Indeed, similar to the trend in 

Young’s modulus values, the average tensile strength of DGEDP-n-butyl and n-pentyl 

esters is about 15% lower than that of DGEDP-methyl and -ethyl esters. However, the 

differences in tensile strength are not statistically significant. The above described trends 

in Young’s modulus and tensile strength agree with those obtained from the storage 

modulus except for DGEDP-ethyl ester’s storage modulus, which has statistically 

equivalent values to those of DGEDP-n-butyl and n-pentyl esters.  Values of %-strain at 

break for the series of DGEDP-esters are statistically equivalent except for DGEDP-

methyl ester, which is lower by about 50% (5 vs. about 10% strain at break). This is 

explained by that DGEDP-methyl ester contains 6 mol% of the corresponding glycidyl 

ester that will increase the crosslink density of corresponding cured epoxy resins. The 

lower %-strain at break for cured DGEDP-methyl ester is consistent with its low Mx 
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(1,600  g/mol), although, cured DGEDP-ethyl ester, which has a similar Mx but a lower 

content of glycidal ester, has a similar %-strain at break as those of DGEDP-n-butyl and 

n-pentyl esters. The most prominent difference between the DGEDP-ester family in 

Table 2.2.4-1 is Tg values that decrease from 158 to 86 °C with increasing n-alkyl ester 

chain length (see detailed discussion above). Most satisfying is that, the epoxy materials 

generated by curing DGEBA and the DGEDP-esters under identical conditions have 

similar mechanical properties.   
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Figure 2.2.4-1. a) Stress-strain curves of the cured DGEDP-ester epoxy resins compared to cured 

DGEBA b) Storage modulus (DMA) and Young’s modulus (tensile testing) of the cured materials 
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Table 2.2.4-1.  Comparison of properties from dynamic mechanical analysis and tensile testing for 

the series of cured resins prepared from the diglycidyl ether diphenolate ester resin series. Values of 

standard deviation are given for n=3 

 

Storage 

Modulus at 

25 °C 

(MPa)
 a
 

Glass 

Transition 

(°C)
b
 

Young’s 

Modulus 

(MPa)
c
 

Tensile 

Strength 

(MPa)
c
 

Strain  

at Break
  

(%) 

Mx 

(g/mol)
d
 

DGEBA 2640 ± 80 165 1263 ± 49 35.4 ± 3.2 8.7 ± 1.7 2330 

DGEDP-

Methyl 
3278 ± 63 158   1233 ± 107 41.3 ± 12.0 4.6 ± 1.6 1600 

DGEDP-

Ethyl 
2186 ± 40 136 1306 ± 69 41.7 ± 3.5 9.3 ± 1.4 1550 

DGEDP-

Butyl 
2244 ± 76 96 1094 ± 10 36 ± 1.7 8.3 ± 2.3 2660 

DGEDP-

Pentyl 
2141 ± 40 86 1058 ± 18 34.8 ± 0.4 11 ± 1.5 2520 

a Determined by DMA 

 b Determined from the peak of the loss modulus 

c Determined by tensile testing from stress-strain plots 

d Determined by oscillatory rheology 

2.2.5 Thermal Stability  

Thermal stability was studied by thermoravimetric analysis (TGA).  TGA scans are 

shown in Figure 2.2.5-1 and values of thermal degradation at 5%, 10%, and 50% weight 

loss (T5%, T10% and T50%, respectively) are listed in Table S11.  The ester length for 

cured DGEDP-ester resins has no observable effect on their thermal stability. The most 

significant difference in the thermal stability of DGEBA and the DGEDP-esters is the 
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onset of degradation at T10% that, for cured DGEBA, is 15 
o
C higher than all of the cured 

DGEDP-ester resins.   

 

Figure 2.2.5-1. TGA scans for cured DGEDP-esters and DGEBA 

  

 

 

2.3 Experimental 

2.3.1 Materials 

Diphenolic Acid >98% was purchased from TCI America (D1274) as a white crystal-

line solid and was used as received. Diglycidyl ether bisphenol A (DGEBA, a white 

crystalline solid) epichlorohydrin, sodium hydroxide, methanol, ethanol, 1-butanol, and 

1-pentanol were purchased from Sigma Aldrich and used as received. All reagents and 

solvents were purchased from Sigma Aldrich and used as received.  
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2.3.2 Synthesis of Diphenolate Esters and Epoxy Resins 

Synthesis of Methyl and ethyl diphenolate esters (DP-esters): Diphenolic acid (50 g), 

methanol or ethanol (400 mL) and concentrated sulfuric acid (1 mL) were transferred to 

a 1 neck 1 L round bottom flask fitted with a reflux condenser. The reaction mixture was 

heated to reflux with magnetic stirring for 16 h after which the alcohol was removed by 

rotary evaporation. The contents of the reaction flask was dissolved in 250 mL of ethyl 

acetate, transferred to a separatory funnel and washed with 250 mL distilled deionized 

water 2 times, 250 mL 10% sodium bicarbonate 2 times, and 250 mL distilled deionized 

water 2 times. The organic phase was separated, dried over anhydrous magnesium 

sulfate, the magnesium sulfate was removed by filtration, ethyl acetate was removed by 

rotary evaporation and remaining volatiles were removed under vacuum (1 mmHg, 3 h). 

Both the methyl and ethyl esters were white solids obtained in 85% yield. Methyl 

diphenolate: 
1
H NMR (500 MHz, DMSO-D6) ppm δ 1.45 (s, 3H), 2.00 (t, 2H), 2.20 (t, 

2H), 3.50 (s, 3H), 6.60 (d, 4H), 6.90 (d, 4H), 9.10 (s, 2H); Melting point 135 °C as the 

peak in the DSC from first heating scan at 10°C/min heating rate; Characteristic FTIR 

bands: 1663 cm
-1

 C=O, 1505 cm
-1 

C-C  aromatic, 1217  cm
-1 

C-H, and 1013 C-O cm
-1

. 

Ethyl Diphenolate: 
1
H NMR (500 MHz, DMSO-D6) ppm δ 1.11 (t, 3H), 1.45 (s, 3H), 

2.00 (t, 2H), 2.20 (t, 2H), 4.00 (q, 2H), 6.60 (d, 4H), 6.90 (d, 4H), 9.10 (s, 2H);  Melting 

point: 130 °C as the peak in the DSC from first heating scan at 10°C/min heating rate; 

Characteristic FTIR bands: 1665 cm
-1

 C=O, 1508 cm
-1 

C-C  aromatic, 1218  cm
-1 

C-H, 

and 1016 C-O cm
-1

  

Synthesis of n-butyl and n-pentyl diphenolate esters: 50 g of diphenolic acid, 500 mL 

of 1-butanol or 1-pentanol, and concentrated sulfuric acid (1 mL) were transferred to a 1 

neck 1 L round bottom flask fitted with reflux condenser. The reaction mixture was 

heated to 90 °C with magnetic stirring for 16 h. The reaction mixture was then cooled 

and washed with 250 mL distilled deionized water 2 times, 250 mL of 10% sodium 

bicarbonate 2 times, and 250 distilled deionized water 2 times. The mixture was then 

dried over anhydrous magnesium sulfate. The magnesium sulfate was filtered off and the 

majority of the excess alcohol was removed by rotary evaporation. Trace amounts of 

alcohol were removed by vacuum distillation (1 mmHg, at 120 °C external pot tempera-
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ture) until a light orange/yellow glassy solid was obtained in yields of 85-97%.  Butyl 

Diphenolate: 
1
H NMR (500 MHz, DMSO-D6): ppm δ 0.84 (t, 3H), 1.28 (m, 2H), 1.38 

(m, 2H), 1.45 (s, 3H), 2.00 (t, 2H), 2.20 (t, 2H), 3.94 (q, 2H), 6.60 (d, 4H), 6.90 (d, 4H), 

9.10 (s, 2H); Melting point: not observed by DSC or decomposition; Characteristic FTIR 

bands: 1669 cm
-1

 C=O, 1509 cm
-1 

C-C aromatic, 1217 cm
-1 

C-H, and 1172 C-O cm
-1

. 

Pentyl Diphenolate: 
1
H NMR (500 MHz, DMSO-D6): ppm δ  0.84 (t, 3H), 1.28 (m, 4H), 

1.38 (m , 2H), 1.45 (s, 3H), 2.00 (t, 2H), 2.20 (t, 2H), 3.94 (q, 2H), 6.60 (d, 4H), 6.90 (d, 

4H), 9.10 (s, 2H); Melting point: not observed by DSC or decomposition; Characteristic 

FTIR bands: 1704 cm
-1

 C=O, 1509 cm
-1 

C-C  aromatic, 1220  cm
-1 

C-H, and 1178 C-O 

cm
-1

  

Synthesis of diglycidyl ether n-alkyl diphenolates (DGEDP-esters): The reaction was 

performed in a three neck 1 L round bottom flask equipped with an overhead mechanical 

stirring, a water condenser and a pressure equalizing dropping funnel. The reaction flask 

was charged with an n-alkyl phenolate (25.00 g), epichlorohydrin (15 equiv.) and 2-

propanol (115 mL). Then, the reaction flask was heated to reflux (~115 °C) with stirring 

and a 20% solution of aqueous sodium hydroxide containing 2.1 equivalents (relative to 

n-alkyl phenolate) of sodium hydroxide was added dropwise to the reaction. After 

addition of the sodium hydroxide solution was complete the reaction mixture was 

maintained at reflux for 30 minutes. Subsequently, the reaction mixture was cooled to 

room temperature, sodium chloride was removed by filtration, the majority of 2-

propanol was removed by rotary evaporation and sodium chloride was removed by 

filtration. The reaction mixture was taken up in 50 mL of dichloromethane and then 

transferred to a separatory funnel, neutralized by washing with two portions of 100 mL 3 

M acetic acid, washed with 3 portions of 100 mL distilled deionized water, and dried 

over anhydrous magnesium sulfate. Remaining 2-propanol or epichlorohydrin was 

removed by rotary evaporation and vacuum distillation (1 mmHg, 150 
°
C external pot 

temperature). The products obtained were viscous light yellow liquids in yields of 85-

97%. Diglycidyl ether diphenolate methyl ester (DGEDP-methyl ester) 
1
H NMR 

(500MHz, CDCl3): ppm δ 1.57 (s, 3H), 2.10 (t, 2H), 2.40 (t, 2H), 2.75 (dd, J = 4.75 Hz, 

2Hγb), 2.90 (observed triplet, J = 4.31 Hz, 2Hγa), 3.34 (m, 2Hβa), 3.62 (s, 3H), 3.94 (dd, J 

= 10.91 Hz, 2Hαb), 4.19 (dd, J = 11.75 Hz, 2Hαa), 6.83 (d, 2H), 7.10 (d, 2H); 
13

C NMR 
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(500MHz, CDCl3): ppm δ 174, 156.4, 141, 128, 114, 68.5, 51.6, 50, 44.71, 44.52, 36.51, 

30.08, 27.60; Characteristic FTIR bands: 3461 cm
-1

 O-H, 3000 cm
-1

 C-H 1669 cm
-1

 

C=O, 1509 cm
-1 

C-C  aromatic, 1217  cm
-1 

C-H, and 1172 C-O cm
-1

, 914 cm
-1

 C-O 

oxirane.  Diglycidyl ether diphenolate ethyl ester (DGEDP-ethyl ester) 
1
H NMR 

(500MHz, CDCl3): ppm δ 1.22 (t, 3H), 1.57 (s, 3H), 2.09 (t, 2H), 2.40 (t, 2H), 2.75 (dd, 

J = 4.64, 2Hγb), 2.90 (observed triplet, J = 4.40 2Hγa), 3.34 (m, 2Hβa), 3.95 (dd, J = 11.10 

Hz, 2Hαb), 4.08 (q, 2H), 4.19 (dd, J = 10.90 Hz, 2Hαa), 6.83 (d, 2H), 7.10 (d, 2H); 
13

C 

NMR (500MHz, CDCl3): ppm δ 174, 156.5, 142, 128.2, 114, 69, 60.3, 50.1, 44.7, 44.5, 

36.5, 30.3, 27.7, 14.1; Characteristic FTIR bands: 3400 cm
-1 

O-H, 3000 cm
-1

 C-H 1665 

cm
-1

 C=O, 1508 cm
-1 

C-C  aromatic, 1218  cm
-1 

C-H, and 1016 C-O cm
-1

, 912 cm
-1

 C-O 

oxirane; Diglycidyl ether diphenolate n-butyl ester (DGEDP-n-butyl ester) 
1
H NMR 

(500MHz, CDCl3): ppm δ 0.92 (t, 3H), 1.35 (m, 2H), 1.57 (observed multiplet, 5H), 2.09 

(t, 2H), 2.40, (t, 2H), 2.75 (dd, J = 5.03 Hz  2Hγb), 2.91 (dd, J = 5.17 Hz 2Hγa), 3.35 (m, 

2Hβa), 3.94 (dd, J = 10.50 Hz 2Hαb), 4.02 (t, 2H), 4.19 (dd, J = 10.69 Hz, 2Hαa), 6.82 (d, 

2H), 7.10 (d, 2H); 
13

C NMR (500MHz, CDCl3): ppm δ 174, 156.4, 141.3, 128.2, 114, 

68.5, 64.3, 50.2, 44.5, 36.6, 30.6, 30.3, 27.7, 19.1, 13.7; Characteristic FTIR bands: 3420 

cm
-1

 O-H, 2997 cm
-1

 C-H, 1665 cm
-1

 C=O, 1508 cm
-1 

C-C  aromatic, 1218  cm
-1 

C-H, 

and 1016 C-O cm
-1

, 910 cm
-1

 C-O oxirane; Diglycidyl ether  diphenolate pentyl ester: 
1
H 

NMR (500MHz, CDCl3) ppm δ 0.91 (t, 3H), 1.32, (m, 4H), 1.58 (observed multiplet, 

5H), 2.08 (t, 2H), 2.40 (t, 2H), 2.75 (dd, J = 4.79 Hz, 2Hγb), 2.90 (observed triplet, J = 

4.60 Hz, 2Hγa), 3.34 (m, 2Hβa), 3.94 (dd, J = 11.17 Hz, 2Hαb), 4.01 (t, 2H), 4.19 (dd, J = 

11.28 Hz, 2Hαa ), 6.83 (d, 2H), 7.10 (d, 2H); 
13

C NMR (500MHz, CDCl3): ppm δ 174, 

156, 142, 128, 114, 67.1, 65.2, 50.1, 44.7, 44.5, 36.5, 30.3, 28.2, 28.0, 27.7, 22.3, 13.9; 

Characteristic FTIR bands: 3400 cm
-1

 O-H, 3000 cm
-1

 C-H, 1665 cm
-1

 C=O, 1508 cm
-1 

C-C  aromatic, 1218  cm
-1 

C-H, and 1016 C-O cm
-1

, 912 cm
-1

 C-O oxirane; Diglycidyl 

ether diphenolate glycidyl ester (DGEDP-glycidyl ester): (only observed in DGEDP-

methyl ester and DGEDP-ethyl ester at 6 and 3 mol%, respectively: 
1
H NMR (500MHz, 

CDCl3) ppm δ 1.57 (s, 3H),  2.15, (t, 2H), 2.20 (t, 2H), 2.61 (dd, J = 4.86 Hz, 2Hγb’), 2.83 

(observed triplet, J = 4.32 Hz, 2Hγa’), 3.16 (m, 2Hβa’), 3.85 (dd, J = 12.64 Hz 2Hαb’), 4.36 

(dd, J = 12.10 Hz 2Hαa’), 6.60 (d, 4H), 6.90 (d, 4H); 
13

C NMR (500MHz, CDCl3): ppm δ 
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173.57,  156.4, 141, 128, 114, 68.7, 65., 51.6, 50.1, 49.2, 44.7, 44.6, 44.5, 36.6, 36.1, 

30.1, 27.7;  

2.3.3 Experimental and Theoretical Epoxide Equivalent Weights 

 Experimental values of EEW for the epoxide resins synthesized herein were deter-

mined by ASTM D1652. Samples were dissolved in dichloromethane and 

tetraethylammonium bromide and titrated in triplicate using a standardized perchloric 

acid solution in acetic acid. Crystal violet was used as an indicator and the end point was 

determined when the solution turned from blue to green for longer than 30 seconds. 

Theoretical values of EEW were determined by a series of equations published in 

Reference 33 and that are given in Appendix 1.   

2.3.4 Preparation of Cured Epoxy Materials for Testing 

This method takes into account that the epoxy resins prepared herein contain small 

amounts of higher molecular weight fractions. Epoxide equivalent weight (EEW) was 

determined by ASTM D1652 – 11e1. The epoxy resins were mixed with nearly stoichi-

ometric amounts of isophorone diamine (IPDA) in a disposable aluminum pan. The 

weight of the resin and crosslinker were calculated by using the epoxide equivalent 

weight (EEW) and amine hydrogen equivalent weight (AHEW) were calculated by  as 

can be seen in equations 2 and 3 to obtain the parts by weight of diamine per hundred 

parts resin (phr).
6
  

  

𝐴𝐻𝐸𝑊 =  
𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝐴𝑚𝑖𝑛𝑒

𝑁𝑢𝑚𝑏𝑒 𝑜𝑓 𝐴𝑐𝑡𝑖𝑣𝑒 𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛𝑠
        (2) 

 

𝑝ℎ𝑟 =  
𝐴𝐻𝐸𝑊 𝑋 100

𝐸𝐸𝑊
        (3) 

An example would be if phr = 20 then 20 grams of diamine would be needed for 100 

grams of epoxy resin. Digylcidyl ether of Bisphenol A (DGEBA) was melted and 

allowed to cool to room temperature resulting in a super cooled liquid. Epoxy resins 

were vigorously mixed by hand until homogenous with the appropriate amount of IPDA 

and degassed by centrifugation in a syringe (3000 rpm, 2 minutes). The resins were then 
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transferred via syringe into stainless steel molds coated with PTFE mold release agent. 

The three different mold geometries used were: ASTM type V tensile bars, rectangular 

dual cantilever bars (35 mm x 12 mm x 3 mm), and rheology discs (25 mm x 2 mm). 

The method of resin curing was adapted from a literature procedure.
96

 In summary, the 

resins were maintained under ambient conditions in the molds overnight and then 

compression molded for 4 h at 80 °C and then 4 h at 160 °C with 2 metric tons of 

pressure.  

2.3.5 Dynamic Mechanical Analysis 

A TA Instruments Q800, operating in dual cantilever mode with an amplitude of 10 

m, was used to determine the storage modulus and glass transition temperature (deter-

mined from the peak of the loss modulus) by scanning at 2 °C/min from 0 °C to 200 °C. 

All samples were run in triplicate.  

2.3.6 Rheology 

The viscosity of the different resins was determined by rotational rheology at 25 °C 

using a TA Instruments AR-G2 rheometer equipped with 25 mm stainless steel parallel 

plate geometry. The sheer rate was swept from 1.25 - 1250 1/s under a steady state flow 

with an equilibration time of 1 min and a gap of 1000 mm. Viscosity was reported as an 

average from the Newtonian region. 

To determine the average molecular weight between crosslinks, a Thermal Analysis 

AR-G2 rheometer was employed that is equipped with 25 mm stainless steel parallel 

plate geometry and nitrogen flow. The testing was conducted under 15 N of normal force 

in order to ensure good contact between the plates and the sample and the frequency was 

swept from 0.1 rad/s to 100 rad/s with the shear modulus being determined from the 

average storage modulus (G’) that was frequency independent.  Each sample was run at 

a temperature 50 °C higher than the tan δ peak. 
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2.3.7 Tensile Testing 

Tensile testing was conducted following ASTM D638 on compression molded sam-

ples using an Instron 4204 equipped with a 5 kN load cell with a crosshead speed of 

1mm/min.  Samples were of a ASTM type V geometry and only samples devoid of 

bubbles and defects were evaluated. 

2.3.8 Thermal Gravimetric Analysis 

 The thermal stability of the prepared resins was studied by TGA using a TA Instru-

ments Q50 with an alumina pan. The samples were about 10 mg each and were run from 

room temperature to 800 °C at a heating rate of 20 °C per minute under constant N2 

flow.  

2.3.9 Differential Scanning Calorimetry 

 Differential scanning calorimetry was conducted on cured samples and diphenolate 

esters using a TA Instruments Q2000 with Tzero aluminum pans at a scanning rate of 10 

°C/minute from -80 to 200 °C under constant N2 flow. Modulated differential scanning 

calorimetry was used at a modulation of 1°C/minute from 25 °C to 210 °C with Tzero 

aluminum pans under constant N2 flow.Fourier Transform Infrared Spectroscopy 

(FTIR): Fourier transform infrared spectroscopy through attenuated total reflectance 

was obtained on a Perkin Elmer Spectrum One using a ZnSe Flate Plate 45° HATR 

sampling accessory. Spectra were obtained by scanning from 450 to 4000 cm
-1

. No 

baseline correction or other data manipulation techniques were employed. 

2.3.10 Nuclear Magnetic Resonance 

The spectra were obtained using a Varian 500 MHz NMR. Inverse gate 
13

C-NMR 

parameters were not optimized.  
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2.3.11 High Resolution Mass Spectrometry – Direct Injection  

The mass spectra of the epoxy resins were obtained by direct injection using a Thermo 

Electron Finnigan TSQ Quantum Ultra in electron spray ionization mode. All m/z are 

reported with an addition of a NH4
+

 ion.  

2.4 Conclusions 

In conclusion, we demonstrated a simple and scalable synthesis to liquid biobased 

epoxy resins that appear to be suitable replacements for the diglycidyl ether of bisphenol 

A (DGEBA). The diglycidyl ethers of diphenolate-esters (DGEDP-esters) possess n-

alkyl ester moieties that provide control of the resin viscosity before curing. The short 

chain esters (DGEDP-methyl and ethyl) exhibit a side reaction that results in the corre-

sponding glycidyl esters (6 and 3 mol%, respectively). In contrast, DGEDP-n-butyl and 

n-pentyl esters exhibited no significant proclivity towards generation of the glycidyl 

ester co-product. Increase in the DGEDP-ester chain length provided an important tool 

to control the viscosity of liquid resins. This is evident by comparison of DGEDP-

methyl and pentyl esters which have viscosities of 792 and 12 Pa.s., respectively. 

Indeed, in future work we will explore longer n-alkyl esters as well as branched esters 

that should result in liquid epoxy resins with even lower viscosities. 

When DGEDP-ester resins and DGEBA were cured under identical conditions with 

the same crosslinker in stoichiometric amounts, the Young’s modulus and tensile 

strengths were about 1,150 and 40 MPa, respectively, and varied little as a function of 

ester length. The storage modulus of DGEDP-esters varied from 3300-2100 MPa where 

the shortest ester possessed the highest modulus. In fact, the storage modulus of cured 

DGEDP-methyl ester (3278 ± 63 MPa) is larger that of cured DGEBA (2640 ± 80 MPa). 

The alpha transition temperature (peak of loss modulus ≈ Tg) of the prepared resins 

decreased linearly as a function of the ester chain length. The cured DGEDP-methyl 

ester peak of the loss modulus was only 7 
o
C below that for DGEBA. Hence, the length 

of DGEDP esters dramatically manipulates the viscosity and Tg of cured resins but has 

little effect on the corresponding mechanical properties of the corresponding materials.    
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To determine if the ester length of DGEDP-ester resins that interrupt formation of the 

polymer network during curing, the molecular weight between crosslinks (Mx) was 

determined by parallel plate rheology. Methyl and ethyl esters of DGEDP have Mx 

values that are about 30% below that of DGEBA. This is at least in part due to the 

presence of 6 and 3 mol% of DGEDP-glycidyl ester, respectively, that, presumably, 

increases the density of crosslinks in cured resins. DGEDP-n-butyl and n-pentyl esters, 

that do not contain DGEDP-glycidyl ester, have Mx values that are about 10% greater 

than DGEBA. The presence of DGEDP-glycidyl ester in DGEADP-methyl and ethyl 

esters also appears to have resulted in a small increase in the alpha transition tempera-

ture.  Furthermore, there was no correlation between Mx and the linear decrease in peaks 

of the loss modulus. This confirms the hypothesis that the ester length and not the 

crosslink density is responsible for providing mobility to chain segments in cured resins 

that is reflected in lower glass transition temperatures for DGEDP-esters with longer 

chain length.  

Finally, the thermal stability of cured DGEDP-esters exhibited about a 15 °C decrease 

in the onset of thermal degradation when compared to cured DGEBA. This difference in 

thermal stability is attributed to the introduction of ester moieties.  However, a 15 °C 

decrease in thermal stability is small and should have little influence in the use of cured 

DGEDP-ester resins in high-temperature applications.    

  



 

Portions of this chapter previously appeared as: Maiorana, A.; Ren, L.; Re, G.L.; Spinel-

la, S.; Ryu, C.Y.; Dubois, P.; Gross, R.A. Bio-based epoxy resin toughening with 

cashew nut shell liquid-derived resin, Green Mater. 2015 3(3), pp 80-92 
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3. Toughened Epoxy Resin Formulations with Cashew Nutshell Liquid 

Derived Resin 

3.1 Introduction 

Herein, we explored an approach to toughen cured epoxy resins that encompasses 

altering the thermoset polymer backbone by combining both flexible and rigid epoxy 

resins that results in single phase copolymers. Varying the molecular weight between 

crosslinks has been linked to toughening in both mode I fracture and impact 

resistance.
97–100

 However, the use of high molecular weight epoxy resins with low 

epoxide functionality presents challenges in processing as increasing the molecular 

weight before curing results in solid epoxy resins that requires high processing tempera-

tures or the use of organic solvents. Additionally, increasing the molecular weight 

between crosslinks can dramatically reduce the glass transition temperatures of the 

resulting thermosets limiting their use in high performance applications. To date, a 

systematic study of miscible combinations of rigid and flexible epoxy resins is unex-

plored.
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Scheme 3.1-1. Structures of diglycidyl ether diphenolate methyl ester (DGEDP-Me),
1
 diglycidyl 

ether of cardanol from cashew nut shell liquid (NC-514),
2
 and isophorone diamine used for cross-

linking 

This paper tests the hypothesis that extending the molecular weight between crosslinks 

of a rigid epoxy resin by incorporating a flexible epoxy resin component will result in 

thermosets with improved toughness. A series of thermoset resins were prepared from 

different ratios of diglycidyl ether diphenolate methyl ester (DGEDP-Me), a high 

viscosity biobased epoxy resin recently reported by some of us,
1
 and a flexible lower 

viscosity epoxy cardanol resin prepared from cashew nut shell liquid (NC-514) (Scheme 

3.1-1).
2
 Studies are described that provide an understanding of how the DGEDP-Me/NC-

514 composition and temperature influence resin viscosity and gelation. Curing of epoxy 

resins was performed with nearly stoichiometric quantities of isophorone diamine at 

different temperatures to gain insights into how these variables alter the gel point and 

minimum viscosity. To further our knowledge on structure-property relationships for the 

cured resins, characterizations were performed by dynamic mechanical analysis, thermal 

gravimetric analysis, parallel plate oscillatory rheology, three-point bending, and 

notched Izod impact testing. The results of this work provide important insights into the 

design principles that determine epoxy resin viscosity and the construction of tough high 

performance thermoset materials from epoxy resins.   
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3.2 Experimental 

3.2.1 Materials 

Cardolite NC-514 (NC-514) was supplied as a gift from the Cardolite Corporation and 

was used as received. Isophorone diamine (IPDA) was purchased from Sigma Aldrich 

and used as received.  The diglycidyl ether of diphenolate methyl ester (DGEDP-Me) 

was prepared as previously reported.
1
 

3.2.2 Preparation of cured epoxy materials for testing 

Epoxide equivalent weights of the neat resins were taken from previously reported 

results
1
 or the manufacture’s specification. Weights of reaction components were 

calculated by using the epoxide equivalent weight (EEW) and the amine hydrogen 

equivalent weight (AHEW), which were calculated by Equations 4 and 5, respectively. 

Values of EEW and AHEW were placed into Equation 6 to obtain the parts by weight of 

diamine per hundred parts resin (phr).
6
 

 𝐸𝐸𝑊 𝑜𝑓 𝑀𝑖𝑥 =  
𝑇𝑜𝑡𝑎𝑙 𝑊𝑒𝑖𝑔ℎ𝑡

𝑊𝑒𝑖𝑔ℎ𝑡 𝑅𝑒𝑠𝑖𝑛 𝐴

𝐸𝐸𝑊 𝑜𝑓 𝐴
+

𝑊𝑒𝑖𝑔ℎ𝑡 𝑅𝑒𝑠𝑖𝑛 𝐵

𝐸𝐸𝑊 𝑜𝑓 𝐵

       (4) 

 𝐴𝐻𝐸𝑊 =  
𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝐴𝑚𝑖𝑛𝑒

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐴𝑐𝑡𝑖𝑣𝑒 𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛𝑠
          (5) 

𝑝ℎ𝑟 =  
𝐴𝐻𝐸𝑊 𝑥 100

𝐸𝐸𝑊
           (6) 

An example would be if phr is 30, then 30 grams of diamine hardener would be need-

ed for 100 g of epoxy resin. Epoxy resins were vigorously mixed by hand with a metal 

spatula with the appropriate amount of isophorone diamine (IPDA) until the mixture 

appeared homogenous. The mixed resins were then degassed by centrifugation in a 

syringe (3000 rpm, 2 min) to remove air bubbles due to mixing. The resins were then 

transferred via syringe into stainless steel molds coated with PTFE mold release agent. 

The four different mold geometries used were: rectangular dual cantilever bars (35 mm x 

12 mm x 3 mm), ASTM D256 Izod Impact bars (64 mm x 12.7 mm x 3.2 mm), rheology 

discs (25 mm x 2 mm), and rectangular three-point bend bars (35 mm x 8 mm x 4 mm). 

The method of resin curing was adapted from a literature procedure.
96

 In summary, the 

resins were maintained under ambient conditions in the molds for 16 h after which they 
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were compression molded for 4 h at 80 °C with 2 metric tons of applied pressure and 

then 4 h at 160 °C without any release of pressure. For chemorheology, samples were 

mixed with IPDA as previously described and were then placed on the rheometer to 

minimize effects of cold curing. 

3.2.3 Dynamic Mechanical Analysis 

A dynamic mechanical analysis (DMA) was performed using TA Q800 from TA In-

struments (New Castle, DE). A dual cantilever mode with an amplitude of 10 m was 

used to determine the storage modulus (E’) and glass transition temperature (determined 

from the peak of the loss modulus (E”) by scanning at 2 °C/min from 0 °C to 200 °C. All 

DMA tests were repeated at least three times.  

3.2.4 Rheology 

 The viscosity of the different resins and their mixtures was determined by steady 

shear experiments at 25, 30, 40, 50, and 60 °C using a TA AR-G2 rheometer equipped 

with 25 mm diameter parallel plates. The shear rate ranged from 1-100 s
-1

 under the 

steady shear flow with an equilibration time of 1 min and a sample gap of 1 mm at each 

temperature. The viscosity was reported as an average from the Newtonian region. The 

average molecular weight between crosslinks was determined using a TA AR-G2 

rheometer by a literature method.
1
 For chemorheology, dynamic shear experiments were 

performed using a TA AR-G2 rheometer equipped with 8 mm diameter parallel plates. 

Temperatures were ramped at 5 °C/minute at a frequency of 1 rad/s to the isothermal 

time sweep. Each isothermal cure was monitored in multi-frequency mode from 1 – 15 

rad/s with a total of five frequencies operating at 0.1% strain. Gel times are measured as 

the time from the start of the test till momentary frequency independence of the tan(δ).
5
 

3.2.5 Thermal Gravimetric Analysis   

The thermal stability of the prepared resins was studied by TGA using a TA Q50 with 

an alumina pan. The samples were about 10 mg each and were run from room tempera-

ture to 800 °C at a heating rate of 10 °C per minute under constant N2 flow.  
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3.2.6 Differential Scanning Calorimetry  

Differential scanning calorimetry was conducted on cured samples and diphenolate 

esters using a TA Q2000 with Tzero aluminum pans at a scanning rate of 10 °C/minute 

from -80 to 200 °C under constant N2 flow. Modulated differential scanning calorimetry 

was used at a modulation of 1°C/minute from 25 °C to 210 °C with Tzero aluminum pans 

under constant N2 flow. 

3.2.7 Fourier Transform Infrared Spectroscopy 

 Experiments were performed by attenuated total reflectance using a Perkin Elmer 

Spectrum One with a ZnSe Flat Plate 45° horizontal ATR (HATR) sampling accessory. 

Spectra were obtained by scanning from 450 to 4000 cm
-1

. No baseline correction or 

other data manipulation techniques were employed. 

3.2.8 Notched Izod Impact 

Samples were notched and tested on an Izod impact tester under ambient conditions 

after being equilibrated at 50% relative humidity and ambient temperature for 24 h. 

Results are reported as an average of five runs with error bars representing standard 

deviation. 

3.2.9 Single edge notched bending test 

The mode I fracture toughness (KIC) and fracture energy (GIC) test was performed with 

an Instron 4205 universal tester. Single edge notched bending (SENB) specimens were 

molded to be 35 x 4 x 8 mm  in accordance with the ASTM D5045-99. The crosshead 

speed for the test was 1 mm/min. A diamond saw was used to machine the notch on the 

sample. Subsequently, a fresh rotary razor blade is used to introduce a pre-crack with 

good control of the brittle crack. The depth of the pre-crack and the notch were well 

controlled within an error of ±20 µm. Results are reported as the average of three runs 

with error bars represented by standard deviation. 
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3.2.10 Scanning Electron Microscopy 

The fractured surfaces from the Izod impact test were analyzed by using a Philips 

XL20 scanning electron microscope operating at 5.0 kV with no stage bias and a 3nm 

platinum sputter coating. 

3.2.11 Small Angle X-ray Scattering 

The polymer samples were analyzed by using a Bruker Nanostar-U with a turbo rotat-

ing anode X-ray source equipped with a HI-STAR detector and an image plate for 

simultaneous SAXS/WAXS measurements. 

3.3 Results and Discussion 

3.3.1 Steady Shear Rheology: Temperature Dependence of Viscosity  

The viscosity as a function of temperature and composition of solutions consisting of 

DGEDP-Me/NC-514 was measured by rotational rheology (Figure 3.3.1-1). Relative to 

pure DGEDP-Me, a blend consisting of DGEDP-Me and 50% NC-514 at 25 °C has a 

viscosity that is lower by about an order of magnitude (neat resins range from 660 to 26 

Pa.s). Furthermore, the 50% combination is a Newtonian fluid over the range of shear 

rates tested (Figure 3.3.1-1). Since both neat DGEDP-Me and a solution with 20% NC-

514 are not Newtonian fluids over the identical range of shear rates at 25 
o
C, 50% NC-

514 is sufficient to disrupt the intermolecular forces responsible for this shear thinning 

behavior.  Measurement of viscosity at temperatures above 25 °C (up to 60 °C) results in 

further reductions in viscosity. Over this temperature range, the viscosity of neat 

DGEDP-Me resins are over two orders of magnitude lower (660 Pa.s to 4 Pa.s).  The 

viscosity of a neat DGEDP-Me at 30 °C is 63% lower than that at 25 °C. This indicates 

that the origin of neat DGEDP-Me’s high viscosity is primarily weak intermolecular 

interactions as had previously been postulated.
1
 Likewise, neat DGEDP-Me viscosity at 

40 and 50 °C decreased by 94% and 99%, respectively, relative to the viscosity at 25 °C. 

Resin viscosities were repeatable after being tested at 60 °C indicating that, under these 

conditions, the epoxy resins are chemically stable. The large temperature dependence of 
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DGEDP-Me viscosity is important as it provides a route for high temperature processing 

of epoxy resins with latent crosslinking agents that is of interest for future planned 

studies of its use in infusion molding.  

 

Figure 3.3.1-1. a) Viscosity as a function of wt% NC-514 at 25 °C b) First order exponential fitting 

of Newtonian viscosity dependence as a function of temperature.  

a) 

b) 
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To further understand intermolecular interactions of epoxy resin molecules, plots of 

the natural log of the Newtonian viscosity as a function of 1000/T were constructed and 

the data for each ratio of DGEDP-Me/NC-514 was fitted to the Arrhenius model for 

fluids (Figure 3.3.1-1). The Arrhenius relationship is shown in Equation 7, where ɳ is 

equal to viscosity ɳo is a coefficient, EA is the activation energy for flow, R is the univer-

sal gas constant, and T is temperature in kelvin. Table 3.3.1-1 list values of 

experimentally determined activation energies, slopes (EA/R) of plots in Figure 3.3.1-1 

and epoxide equivalent weight (EEW) values calculated from Equation 4.   

ɳ = ɳ
𝑜

𝑒
𝐸𝑎

𝑅𝑇⁄      (7) 

Table 3.3.1-1. Activation energy for flow of the epoxy resin mixtures and the slope used to determine 

the activation energy from Figure 3.3.1-1b 

 𝐸𝐴
𝑅⁄  EA 

(kJ/mol) 

EEW  

(g/eq mol) 

DGEDP-Me 14.9 

  

124 215
a
 

20% NC-514 13.3 110 242 

50% NC-514 10.9 90 299 

80% NC-514 10.0 83 390 

100% NC-514 93.0 77 490
b
 

a
 From previously reported data

1
 

b
 From the suppliers analysis 

The activation energy of flow for each resin composition ranges from 124 kJ/mol (neat 

DGEDP-Me) to 77 kJ/mol (neat NC-514). These values provide insight into the strength 

of intermolecular interactions which are responsible for resin viscosity. Consequently, 

they establish the amount of energy and the corresponding processing conditions (e.g. 

shear force, temperature) required for epoxy resin flow.  
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 Viscosity reduction achieved by mixing DGEDP-Me with NC-514 occurs through 

disruption of DGEDP-Me intermolecular interactions. Furthermore, viscosity reduction 

of DGEDP-Me/NC-514 epoxy resin mixtures becomes less temperature dependent with 

increasing NC-514 content. The NC-514 viscosity is higher than expected based on the 

molecular structure. This is due to the presence in NC-514 of oligomers that originate 

from the synthesis of the resin in addition to the ideal structure shown in Scheme 3.1-1. 

The co-existence of oligomers is discussed in detail elsewhere.
2
  

3.3.2 Dynamic Shear Rheology: Chemorheology for Gelation  

The temperature ramp (5 °C/min) to the desired cure temperature presents a realistic 

simulation for the curing of the epoxy resins as cure temperatures are typically not 

reached instantaneously. During the temperature ramp, all the epoxy compositions 

containing stoichiometric amounts of isophorone diamine reached their minimum 

viscosity at 40 °C. Once the resins reached a pre-determined isothermal temperature (60, 

70, 80, 90, and 100 °C), the rheometer was operated in a multi-frequency mode to 

determine the gel point under the designated isothermal condition as the momentary 

frequency independence of the tan δ.
5
 The gel point is indicative of the onset of infinite 

network formation and offers  on the reactivity of the resin mixture. Figure 3.3.2-1 

displays gel times as a function of temperature for neat DGEDP-Me, NC-514, and a 1:1 

(w/w) DGEDP-Me/NC-514 mixture (Figure 3.3.2-1). 
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Figure 3.3.2-1. a) Gel time at various isothermal temperatures to crosslink neat DGEDP-Me, NC-

514, and a 1:1 (w/w) DGEDP-Me/NC-514 mixture of both resins with stoichiometric amounts of 

isophorone diamine crosslinker. b) Plot of tan δ vs. time from multifrequency time sweeps with 

intersection of the tan δ plots representing the DGEDP-Me gel time at 70 °C.  

 Epoxy resin network formation is expected to be highly dependent on its viscosi-

ty, epoxide content, and crosslinker reactivity.
6
 In this study, the crosslinker reactivity is 

kept constant while the EEW and the viscosity are varied. The high viscosity and low 

a 

b 
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epoxide equivalent weight resin DGEDP-Me was the most reactive with gel times at 52 

and 25 minutes at 60 and 80 °C, respectively. Addition of NC-514 to prepare epoxy resin 

mixtures with DGEDP-Me results in large decreases in viscosity (Figure 3.3.1-1) while 

also diluting the epoxide content (Table 3.3.1-1). The onset of network formation at 60 

°C for 50% DGEDP-Me occurs at 84 min, 32 min longer than for neat DGEDP-Me. This 

delay in network formation is due to the dilution of epoxide content in the mixture. 

However, by increasing the temperature to 80 °C, the gel times of neat DGEDP-Me and 

the 50% mixture are almost identical.  This is due to that the rise in mobility of the 50% 

composition with increased temperature is greater than that for neat DGEDP-Me. 

Consequently, the higher mobility of the 50% composition compensates for dilution in 

its epoxy content relative to neat DGEDP-Me. Further increase in the curing temperature 

to 100 °C results in similar gel times for neat DGEDP-Me, neat NC-514 and the 50% 

mixture. The near temperature independence of gel times during polymerizations of the 

three resins at temperatures above 80 °C is attributed to increased crosslinker reactivity 

and the convergence of viscosities to similarly low values (≤ 3 Pa.s, Figure 3.3.1-1).   

3.3.3 Fourier Transform Infrared Spectroscopy and Differential 

Scanning Calorimetry 

The degree of cure for the resins was determined to be relatively high by Fourier trans-

form infrared spectroscopy and differential scanning calorimetry. The oxirane peaks at 

~910 cm
-1

 in uncured epoxy resins decreased dramatically after curing and is shown in 

Appendix 2. Furthermore, low intensity exothermal peaks consistent with high extents of 

curing were observed above the glass transition temperature by modulated differential 

scanning calorimetry for DGEDP-Me/NC-514 mixtures (SI 2). 

3.3.4 Dynamic Mechanical Analysis 

Dynamic mechanical analysis of cured resins provided  on relationships between the 

resin composition, the storage modulus and the glass transition temperature (by relating 

to the Tα). Measurements of the shear modulus in the rubbery region of the thermosets 
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(peak of the tan δ + 50 °C) by oscillatory rheology was used to determine average 

molecular weights between crosslinks.  

A plot of the storage modulus (25 °C) as a function of wt%-NC-514 is displayed in 

Figure 3.3.4-1.  The storage modulus of neat DGEDP-Me is 3300 MPa. By introducing 

20 and 50 wt% NC-514, the storage modulus decreases to 3097 MPa and 2025 MPa, 

respectively (7 and 39%). Nevertheless, the storage modulus of these epoxy resins are 

close to that of diglycidyl ether bisphenol A (DGEBA, 2810 MPa).
56

 Further increase in 

the NC-514 content to 80 and 100 wt% (neat NC-514) results in cured thermosets with 

storage modulus values of 1881 MPa and 1162 MPa, respectively. The storage modulus 

of neat NC-514 reported in this paper is consistent with that reported by Jaillet et al. 

(1218 MPa at 20 °C) using isophorone diamine as the crosslinker.
2
 Hence, increasing 

wt%-NC-514 in the cured epoxy resin mixtures results in less rigid materials as shown 

by the storage modulus at 25 °C in Figure 3.3.4-1. This decrease is attributed to the 

increasing aliphatic content of the thermoset and its significant deviation from a linear 

trend is most likely due to the presence in  DGEDP-Me of 6 mol% DGEDP-glycidyl 

ester co-product.
1
 In other words, the three epoxy functionalities of DGEDP-glycidyl 

ester that result in relatively higher crosslink densities in cured resins skew the storage 

modulus to higher values. As the NC-514 content in the epoxy resins increases, DGEDP-

glycidyl ester is diluted to values that have no substantial effects on cured resin proper-

ties. The storage modulus of the NC-514 is not representative of the glassy modulus 

since the peak of the loss modulus is 27 °C and the storage modulus was determined at 

25 °C. Consequently, polymer chains between crosslinks of the neat-NC-514 thermoset 

have some mobility resulting in flexible materials.  
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Figure 3.3.4-1. DMA analysis (25 °C) of the cured epoxy DGEDP-Me/NC-514 resin series to deter-

mine the: a) storage modulus (E’) from dual cantilever and b) tan δ peaks from DMA dual 

cantilever. 

The alpha transition temperature (Tα) is closely related to the Tg and single peaks for 

the tan δ (Figure 3.3.4-1) and loss modulus (SI 3) were observed implying that the 

distribution of DGEDP-Me and NC-514 units within the thermoset closely resembles a 

random distribution of each monomer. The Tα ≈ Tg was determined from peaks of the 

a 

b

a 
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loss modulus (Eʹʹ), where the material softens from the glassy to rubbery state. A plot 

was constructed of DMA determined Tg vs. the NC-514 wt. fraction (Figure 3.3.4-2). 

This plot was compared to theoretical values generated by Equation 8 for ideal 

mixtures
101

 where:  

 𝑇g =  𝑇g1𝑤1 +  𝑇g2𝑤2      (8) 

Tg is the glass transition temperature of the mixture, Tg1 is the glass transition tempera-

ture of cured DGEDP-Me, Tg2 is the glass transition temperature of cured NC-514, w1 is 

the weight fraction of DGEDP-Me and w2 is the weight fraction of NC-514. 
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Figure 3.3.4-2. Comparison of the peak of the loss modulus (related to Tg) to predicted values for an 

ideal mixture (see Eq. 5).  

Indeed, the experimental data in Figure 3.3.4-2 are in excellent agreement with calcu-

lated values derived from Equation 5 that describes an ideal mixture. This supports that 

epoxy resins DGEDP-Me and NC-514 are miscible over the compositions studied and 

that the resulting crosslinked copolymers have DGEDP-Me and NC-514 repeat units that 

are randomly distributed. This is likely due to that the reactivity’s of DGEDP-Me and 

NC-514 during thermoset formation are close in value which is consistent with that they 

both possess phenoxy glycidyl ether reactive moieties. Additionally, the resins are cured 

from the liquid state where the two components are miscible and have sufficient mobility 

to react at similar rates with isophorone diamine. Within the academic literature, system-

atic copolymerization of miscible epoxy resin systems is unexplored. From the analysis 

above we propose that constructing a plot of the cured resin Tg vs. the weight fraction of 

the two liquid epoxy resin components will prove to be a generally useful approach in 
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assessing the extent that crosslinked thermosets consist of randomly distributed epoxy 

resin building blocks (e.g. relative reactivity of liquid epoxy resins).    

Glass transition temperatures of thermosets are primarily determined by three factors: 

i) the rigidity of polymer chain segments (e.g. vegetable oil, isosorbide, bisphenol, etc.) 

between crosslinks and ii) the crosslink density which is related to the molecular weight 

between crosslinks (Mx), and iii) the intermolecular forces between polymer chains 

(hydrogen bonding, van der Waals forces, etc). NC-514 possesses about double the 

epoxide equivalent weight relative to DGEDP-Me. Hence, increasing the NC-514 

content in mixtures not only increases chain flexibility, but also reduces the crosslink 

density (e.g. increases in the average molecular weight between crosslinks, Mx). Addi-

tionally, the NC-514 possesses less phenolic functionality and overall decreased 

propensity for weak intermolecular bonding. To determine Mx for thermosets prepared 

from DGEDP-Me/NC-514 mixtures, the shear modulus was measured and analyzed by 

Eq. 9 from rubbery elasticity theory:  

𝑀x =  
𝑝𝑅𝑇

𝐺𝑁
      (9) 

where ρ is density, R is the universal gas constant, GN is the shear modulus, and T is 

the temperature at the peak of the tan δ + 50 °C in Kelvin.
92

 The shear modulus was 

determined from oscillatory rheology by averaging frequency independent Gʹ values as 

shown in the Appendix 2. Figure 3.3.4-3 shows the plot of GN as a function of NC-514 

wt% in the epoxy resin mixture.   

A plot was constructed to determine the relationship between the wt% NC514 and Mx 

(Figure 3.3.4-3). Increase in the NC-514 content in the epoxy resin mixture from 20 to 

50 wt-% resulted in large increase in Mx from 1500 to 3800 g/mol. Values of Mx at 50, 

80 and 100% NC-514 are 3800, 3400 and 3800 g/mol, respectively. This small variation 

in Mx values at ≥ 50% NC-514 indicates that Mx plateau’s in this range of compositions. 

Nevertheless, within this plateau region from 50 to 100% NC-514, the content of aliphat-

ic units continues to increase. This rise in aliphatic NC-514 units relative to rigid 

DGEDP-Me units, theoretically, should correlate with an increase in material toughness 

due to increased chain mobility which, in turn, should increase the ability of the material 
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to absorb energy. With the exception of 100% NC-514 thermoset resins, the Tg is above 

ambient conditions.   

 

 

Figure 3.3.4-3. Plots displaying the dependence of both the average molecular weight between 

crosslinks (Mx, blue squares) and the notched Izod impact strength (black squares) on the NC-514 

content of cured biobased epoxy resins. 

3.3.5 Toughness: Impact Strength and Three Point Bending 

Impact testing is one method to investigate the toughness of thermoset polymers under 

high strain rates. The notched Izod impact strength of cured DGEDP-Me/NC-514 epoxy 

resins was determined and the values are plotted along with Mx values as a function of 

the wt% NC-514 (Figure 3.3.4-3).  The impact strength of cured neat DGEDP-Me epoxy 

resin is relatively low (3.0 kJ/m
2
) and similar in value to the cured neat NC-514 epoxy 

resin (3.2 kJ/m
2
). Thus, the impact strength of the two compositional extremes (e.g. the 

high modulus brittle cured DGEDP-Me epoxy resin and the cured flexible NC-514 
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epoxy resin) are nearly equal.  Incorporation of 20% NC-514 in the liquid DGEDP-

Me/NC-514 mixture resulted in a 10% decrease in the impact strength relative to the 

neat DGEDP-Me cured resin. Further increase in the NC-514 content to 50 wt% resulted 

in an increase in the impact strength from 3.2 kJ/m
2
 to 7.14 kJ/m

2
 (2.2 fold increase). 

This improvement in impact strength correlates with an increase in Mx from 1500 to 

3800 g/mol (see above). At 80 wt-% NC-514, the impact strength is roughly intermedi-

ate (4.7 kJ/m
2
) between the values of the 50% composition and those of the neat resins 

while Mx remained relatively constant from 50 to 100% NC-514. Thus, the 50% resin 

composition attains a balance between rigid and more flexible segments with an extend-

ed average molecular weight between crosslinks that results in important improvements 

in the cured epoxy resin impact strength. Additionally, the decrease in impact strength at 

higher NC-514 content was unexpected and we hypothesize that it is due to decreased 

modulus (Fig. 3a) while the Mx stays relatively constant (Fig. 5). Thus, increased epoxy 

resin toughness is not a consequence of simply increasing epoxy resin ductility.   

Three-point bending of a single edge notched specimens was conducted to gain insight 

to the fracture toughness of the prepared materials and to confirm the results from the 

notched Izod impact testing. Plots of experimentally determined values of the stress 

intensity factor and strain energy release rate as a function of the wt% NC-514 in cured 

epoxy resins are shown in Figure 3.3.5-1.  The stress intensity factor (KIC) increased 

from 0.82 to 1.06 MPa·m
1/2 

with addition of 20 wt% NC-514. The 50 wt% epoxy resin 

composition has the highest KIC (1.40 MPa·m
1/2

), a 70% increase relative to the cured 

neat DGEDP-Me epoxy resin. Further increase in the NC-514 content in epoxy resin 

mixtures resulted in decreased toughness following a similar trend to that of the notched 

Izod impact strength. Values of GIC followed a similar trend as those of KIC. According-

ly, the GIC for neat DGEDP-Me is 120 J/m
2
 and it increased by 62% for the 50 wt% NC-

514 composition. 
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Figure 3.3.5-1. Mode I fracture toughness by 3-point bending showing the critical stress intensity 

factor (KIC, black squares) and strain energy release rate (GIC, blue squares)  

 From the above, toughening of the DGEDP-Me/NC-514 epoxy resin system was 

achieved by copolymerization of a lower EEW stiff epoxy resin (DGEDP-Me) with a 

higher EEW flexible epoxy resin. The resulting one-phase system enabled fine-tuning of 

the molecular weight between crosslinks and chain ductility, critical parameters in 

optimizing epoxy resin modulus and impact strength. The toughening results obtained 

herein (KIC = 1.37 MPa·m
1/2

 for 50 wt% NC-514) are similar to BPA epoxy resins 

toughened with low loadings of rubbery phase separating polymers (KIC = 0.91-2.0 

MPa·m
1/2

) at rubber loadings ranging from 0-20%.
102,103,104

 Furthermore, cured DGEDP-

Me/NC-514 in a 1:1 weight ratio is tougher than bisphenol A epoxies where extension of 

the molecular weight between crosslinks was achieved using bisphenol A chain extend-

ers.
105

 Moreover, the impact strength of cured DGEDP-Me/NC-514 epoxy resins and 

those that use rubber toughening show similar trends as there is an optimal concentration 

of NC-514 and rubber particles, respectively, to achieve maximal toughening.
106–108

 In 
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other words, rubber toughening at high loadings also decreases the modulus and material 

toughness. The strategy explored herein for toughening of DGEDP epoxy resins allows 

for further optimization by simultaneous manipulation of both the polymer chain compo-

sition and the content of a rubber toughening agent that is added to the system. Indeed, 

current work is underway to explore the interplay between variation in NC-514 and a 

rubber toughening agent.  

3.3.6 Morphology 

The fractured surfaces from notched Izod impact testing of cured neat DGEDP-Me, 

neat NC-514, and DGEDP-Me/NC-514 epoxy resin mixtures were analyzed by scanning 

electron microscopy (SEM) (Figures 3.3.6-1 and Appendix 2) The SEM images illustrate 

that each epoxy resin composition has one-phase morphology. This agrees with DMA 

analyses where each resin composition has a single tan δ peak (Figure 3.3.4-1). The 

fractured surfaces of neat NC-514 and 80 wt% NC-514 are relatively smooth in compar-

ison to neat DGEDP-Me and the 20 wt% NC-514 composition (Figures 3.3.6-1 and 

Appendix 2). The neat and 80 wt% NC-514 fractured surfaces exhibit ellipsoidal conical 

plastic deformations on their surfaces and the deformation size is smaller for the 80 wt% 

NC-514 (20 wt% DGEDP-Me) mixture. The fractured surfaces of ductile epoxy resins is 

unexplored in the literature. The large conical ellipsoidal deformations are attributed to 

void coalescence for neat NC-514 that is hindered in the 80 wt% NC-514 mixture. 

Additionally, the surface roughness increases from neat NC-514 to 80 wt% NC-514.
109
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Figure 3.3.6-1. SEM of fractured surface after notched izod impact test for of a) neat NC-514, b) 80 

wt% NC-514 c) 50 wt% NC-514, d) 20 wt% NC-514 e) neat DGEDP-Me where scale bar is equal to 

50 m 

Neat DGEDP-Me and the 20 wt% NC-514 mixture exhibited morphologies that are 

consistent with brittle epoxy thermoset resins.
110

 The fractured surfaces have sharp 

conical deformations and the deformation size is larger for 20 wt% NC-514. The conical 

deformation is indicative of a brittle epoxy resin fractured surface.
111

 The broadening of 

the conical fractures  for  20 wt% NC-514 relative to neat DGEDP-Me is consistent with 

experimental findings discussed above that show the matrix is gaining in ductility
112

 and 

has increased toughness (e.g. Figure 3.3.6-1).  

Figure 3.3.6-1 also shows the fractured surface of the cured 50 wt% NC-514 mixture. 

The large conical or ellipsoidal deformations observed are remarkably different than the 

other resin compositions. As discussed above, based on its impact strength and KIC 

values (Figures 3.3.4-3 and 3.3.5-1), the 50 wt% NC-514 cured epoxy resin has greater 

toughness then the other resin compositions studied herein. Since cured resin mixtures 
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with related compositions to those studied here have not yet been systematically studied, 

additional work will be need to further interpret differences between the fracture surfac-

es of cured DGEDP-Me/NC-514 epoxy resins.  

3.3.7 Small Angle X-Ray Scattering 

In order to further assess the potential for macroscopic morphological changes of the 

thermoset polymers small angle x-ray scattering was used. No diffraction patterns in the 

range of q < 1 were observed. Consequently, an image plate was used to capture the 

wider angle diffraction patterns. Inspection of Figure 3.3.7-1a shows that peaks with q in 

the range of 1.23 to 1.34 Å shifts to higher values with increased content of NC-514 in 

the cured epoxy resin. The plot in Figure 3.3.7-1b shows that the peak of q increases 

linearly with increasing NC-514 content in the cured epoxy resins. The peak of q shown 

in in Figure 3.3.7-1a is further indicative of a disordered polymer structure. The linear 

trend in the peak shifting indicates good mixing of the two epoxy monomers on the 

molecular level. This analysis supports that the large change previously seen in the 

average molecular weight between crosslinks is indicative of a molecular weight change 

and not macroscopic phase separation.  
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Figure 3.3.7-1. Small angle X-ray scattering of the prepared thermoset copolymers a) offset normal-

ized intensity vs. q and b) the peak of q vs. percent composition fitted with a linear function. 

3.3.8 Thermal Gravimetric Analysis  

The thermal stability of the cured neat DGEDP-Me, neat NC-514, and DGEDP-

Me/NC-514 epoxy resin mixtures was studied by thermal gravimetric analysis under 

a 

b 
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constant N2 flow. The temperatures at which the onset of degradation occurs at weight 

losses of 3, 5, and 10 wt% (T3%, T5%, and T10%) were determined (SI 6). The values of 

Td5% for neat DGEDP-Me, 50% NC-514, and neat NC-514 are 324, 525, and 335 °C 

respectively, demonstrating that the thermal stability of the resin series is high and 

varied little with composition. Furthermore, small changes observed in thermal stability 

as a function of the resin composition were non-systematic, and consequently, could not 

be correlated with cured epoxy resin structure. However, the %-char remaining at 600 °C 

did vary systematically (12, 9, 6, 1 and 0.8 for neat DGEDP-Me, 20% NC-514, 50% 

NC-514, 80% NC-514, and 100% NC-514, respectively). This trend is attributed to 

increasing content of aromatic substituted phenolic moieties contributed by the DGEDP-

Me epoxy resin results in higher char amounts.  

3.3.9 Mechanism of Toughening 

The following discusses previous studies on epoxy resin toughening in an effort to 

gleam further insights into the structure-property relationships observed herein. In 1970, 

Bell reported that variation of the molecular weight between crosslinks of epoxy resins 

did not alter the tensile properties but that the notched Izod impact followed a parabolic 

type curve. However, Bell did not provide a clear explanation of the toughening mecha-

nism.
97

 Subsequently, Pearson and Yee using DGEBA oligomers reported small 

increases in toughening of neat resins by increasing the molecular weight between 

crosslinks.
98

 However, by incorporating a rubber additive, the corresponding rubber 

modified epoxies showed large increases in fracture toughness with increasing epoxide 

resin molecular weight.
98

 They attributed increased toughening to the yielding ability of 

the polymer matrix. By decreasing the crosslink density in the presence of the soft 

elastomeric additive, the epoxies exhibited greater ductility and, consequently, greater 

toughness. Furthermore, the ability of the matrix to shear band, cold draw, and shear 

yield directly related to the amount of energy that can be dissipated by the matrix. Also, 

voiding and shear banding were identified as energy dissipative processes. In contrast, 

herein, the density of crosslinks from 50 to 100 wt% NC-514 remained nearly constant 

(Fig. 5) while the storage modulus (Fig. 3a) decreased due to increased ductility of 

chains and, consequently, the material toughness decreased.
100

 Crawford and Lesser 
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further tested the assumption that the molecular weight between crosslinks is important 

for epoxy thermoset toughening. They found that, as the molecular weight between 

crosslinks increases, tougher materials were obtained. Furthermore, in agreement with 

Pearson and Yee,
98

 they attributed toughening to an increased ability of the matrix to 

yield in front of the crack tip. Liu et al. also reported only small increases in polymer 

toughness as the molecular weight between crosslinks was extended.
104,105

 By introduc-

ing a unique phase separating diblock copolymer within the crosslinked matrix that 

functions as a rubbery phase, Liu et al. were also able to achieve large increases in epoxy 

toughness.
104,105

 The unique aspect of the approach disclosed herein is that toughening 

was achieved without addition of a separate rubbery phase. Furthermore, toughness did 

not continue to increase as the density of matrix crosslinks was decreased. Instead, the 

content of NC-514 in DGEDP-Me/NC-514 epoxy resin mixtures was manipulated such 

that both chain ductility and molecular weight between crosslinks concurrently in-

creased. This resulted in higher toughness than extension with bisphenol A. However, 

unlike extension of the molecular weight with bisphenol A moieties, at high amounts of 

the ductile resin component (NC-514) losses in polymer toughness resulted.  Further-

more, comparison of this work with that reported previously demonstrates that 

introducing ductile units for chain extension has benefits over chain extension by 

bisphenol A units since, for the latter, chains between crosslinks remain rigid which 

limits energy dissipation by the matrix.   

3.4 Conclusions 

 This paper demonstrates that by introducing controlled quantities of a flexible 

biobased epoxy resin (NC-514) to a rigid biobased epoxy resin (DGEDP-Me), mixture 

compositions can be identified that result in both important reduction in the epoxy resin 

viscosity and toughening of the corresponding cured epoxy material. Analysis showed 

that through mixing the two epoxy resins well before curing allowed for a one-phase 

crosslinked network with random distributions of each component. Also, by varying the 

ratio of NC-514 content in epoxy resin mixtures, precise control of epoxy resin mixture 

viscosity was achieved. Furthermore, by combining NC-514 with DGEDP-Me, intermo-
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lecular forces present in neat DGEDP-Me that were responsible for its high viscosity 

were disrupted and the activation energy of flow decreased. Dilution of the epoxide 

equivalent weight of the mixture with addition of NC-514 also influenced the curing 

behavior of the resins by delaying network formation at lower temperatures. Glass 

transition temperatures of cured DGEDP-Me/NC-514 mixtures followed a linear trend 

indicating that the distribution of repeat units within the crosslinked resin is approxi-

mately random. The decrease in storage modulus with increased NC-514 content is 

attributed to the increasing aliphatic nature of the thermoset materials. Furthermore, 

variation in the molecular weight between crosslinks was confined to a narrow range 

since DGEDP-Me and NC-514 have similar EEW values (215 and 490, respectively).  

 The toughness of cured mixtures was highest when DGEDP-Me/NC-514 was 

50/50 (wt/wt). At this composition, the molecular weight between crosslinks reached the 

highest value while the storage modulus remained relatively high. Further increases of 

NC-514 above 50 wt% resulted in decreased toughness due to reductions in the matrix 

modulus while the molecular weight between crosslinks remained nearly constant. Thus, 

in this work, matrix toughening was achieved by concurrently manipulating matrix chain 

rigidity by adjusting the ratio of ductile and rigid matrix components and the molecular 

weight between crosslinks. The toughening mechanism is fundamentally different than 

other reported studies since a separate rubbery phase was not needed. Instead, matrix 

toughening results from extension of the molecular weight between crosslinks and by 

adjusting the chain rigidity. 



 

Portions of this chapter previously appeared as: Eksik, O.; Maiorana, A.; Spinella, S.; 

Krishnamurthy, A.; Weiss, S.; Gross, R.A.; Koratkar, N. Nanocomposites of a Cashew 

Nut Shell Derived Epoxy Resin and Graphene Platelets: From Flexible to Tough, ACS 

Sustainable Chem. Eng. 2016 4(3), pp 1715-1721 
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4. Nanocomposites of a Cashew Nut Shell Derived Epoxy Resin and 

Graphene Platelets 

4.1 Introduction 

One way to overcome existing deficiencies in biobased epoxy resin thermomechanical 

properties is to fabricate nanocomposites with high strength nanofillers.
113

 Recently, two 

dimensional montmorillonite clays have been used as reinforcements for glycidyl esters 

of epoxidized fatty acids with an anhydride crosslinker. At 1 wt% montmorillonite clay, 

increases in tensile strength and Young’s modulus are 22% and 13%, respectively, using 

stoichiometric quantities of epoxide and anhydride.
114

 Incorporation of attapulgite clay 

within epoxidized soybean oil and cyanate ester resins have resulted in significant 

increases in cured epoxy resin storage modulus, tensile strength, glass transition temper-

ature, and thermal stability.
115

 The use of reduced graphene oxide as a reinforcement has 

received less attention in biobased epoxy thermosets. Chieng et al.
116

 used graphene 

nanoplatelets (GPL) to reinforce melt-blended polylactide/epoxidized palm oil resulting 

in modest increases in toughness and modulus. Cao et al.
117

 used epoxidized gallic acid 

to improve interactions between DGEBA and GPL with incorporation of 2 wt% GPL in 

the nanocomposites exhibiting increased thermomechanical properties and electrical 

conductivity. The use of graphene platelets for reinforcement of completely biobased 

epoxy resins has been relatively unexplored.  

One drawback of cured DGEBA is that, due to a high degree of crosslinking, the re-

sulting materials are brittle and prone to failure by crack propagation.
105

 Reinforcement 

of the DGEBA with graphene platelets has been shown to increase young’s modulus, 

glass transition temperature, and toughness.
118

 Alternatively, the use of biobased resins 

for replacement of DGEBA in non-temperature demanding applications could be utilized 

if the modulus and toughness of the resins was competitive or exceeded that of DGEBA. 
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This paper reports reinforcement of a biobased epoxy resin derived from cashew nutshell 

liquid (NC-514) with GPL at low loadings (<1 wt%). The effects of GPL on cured NC-

514’s young’s modulus, tensile strength, fracture toughness, glass transition temperature, 

and thermal stability were determined. The results of this work demonstrate that incorpo-

ration of low GPL loadings in biobased epoxy resins can effectively increase their 

thermomechanical properties so they can be used in relatively high performance applica-

tions.  

4.2 Experimental 

4.2.1 Materials 

Isophorone diamine, acetone, graphite, nitric acid, sulfuric acid, hydrochloric acid, and 

potassium chlorate were purchased from Sigma Aldrich and were used as received.  

Cardolite NC-514 was kindly provided by the Cardolite Corporation.  

4.2.2 Preparation of graphene platelets  

GPL was produced by thermal reduction and exfoliation of graphite oxide.
119–121

 In 

summary, graphite oxide was prepared by oxidizing graphite flakes (average diameter 48 

µm) in a solution of concentrated sulfuric acid (95–98%), concentrated nitric acid (68%), 

hydrochloric acid (36–38%), and potassium chlorate (99.5%) for 96 h. One-step reduc-

tion and exfoliation of graphite oxide into GPL’s was achieved by exposing the graphite 

oxide powder to a thermal shock (heating rate of  2000 °C/min) as described and charac-

terized by Rafiee et al.
118,119,122,123
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Scheme 4.2.2-1.  Main components of the nanocomposites described herein 

4.2.3 Composite Fabrication  

GPL’s were dispersed in acetone (100 mL) using an ultrasonic probe sonicator 

(Sonics Vibracell VC 750, Sonics and Materials Inc.,USA) at high amplitude for 1.5 

hours in an ice bath. Cardolite NC-514 was added to the mixture and sonicated for 

another 1.5 hours in a fresh ice bath. Next, acetone was evaporated by heating the 

mixture on a magnetic stir plate using a teflon-coated magnetic bar for 3 hours at 70 °C. 

Subsequently, the mixture was vacuum distilled (120 °C, 10 torr) for 1 hour remove 

residual acetone. The GPL/Cardolite NC-514 slurry was cooled to room temperature and 

a stoichiometric amount of isophorone diamine was mixed in using a planetary mixer 

(ARE-250, Thinky, Japan) for 4 min at 2000 rpm. Then, the mixture was degassed in a 

vacuum chamber for 30 min at ambient temperature. Silicone molds were used to cure 

the nanocomposite samples at room temperature for 16 h followed by post cure at 80 °C 

for 4 hours and 160 °C for 4 hours in an oven (VWR, 89508-426). The three mold 

geometries used were ASTM type V for tensile testing, ASTM D5045 compact tension 

samples for fracture toughness, and rectangular dual cantilever bars (35 mm x 12 mm x 

3 mm). 

 

4.2.4 Tensile Testing 

Tensile testing was performed on an Instron 4204 equipped with a 1 kN load cell and 

10% strain extensometer at a crosshead speed of 3mm/min. Young’s modulus was 
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calculated from the linear portion of the stress-strain curve and tensile strength was 

determined from the maximum stress of the stress-strain curve. 

4.2.5 Dynamic Mechanical Analysis 

A TA Instruments Q800 was used to analyze samples operating in dual cantilever mode 

with amplitude of 10 µm by scanning at 2 °C/min from 0 to 50 °C above the peak of the 

loss modulus with a frequency of 1 Hz. The glass transition was determined from the 

peak of the loss modulus. 

4.2.6 Fracture Toughness 

Fracture toughness was performed on compact tension samples according to ASTM 

D5045 on a MTS-858 material testing system. The initial precrack was started by 

tapping a fresh razor blade over the pre-molded notch. KIC was determined from equa-

tion 10:   

 𝐾𝐼𝐶 =  
𝑃𝑚𝑎𝑥

𝐵𝑊1/2 𝑓(
𝑎

𝑤
)     (10) 

Where KIC is the stress intensity factor, Pmax is the maximum load at failure, W is the 

overall length, B is the sample thickness, a is the crack length, and f(a/w) is an expres-

sion accounts for sample geometry. GIC was determined from equation 11 (ASTM 

D5045):  

𝐺𝐼𝐶 =
𝐾𝐼𝐶

2

𝐸
(1 − µ2)     (11) 

Where GIC is the fracture resistance, µ is Poisson’s ratio taken to be 0.34, and E is the 

Young’s modulus.  

 

4.2.7 Scanning Electron Microscopy 

The surface of fractured materials was examined by SEM. The electron microscope was 

a Carl Zeiss Ultra 1540 Dual Beam FIB/SEM system operating at 3.00 kV with 0° tilt 

under environmental conditions. 
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4.2.8 Thermogravimetric Analysis  

The thermal stability of the prepared nanocomposites was studied by TGA using a TA 

Instruments Q50 with a ceramic alumina pan. The samples were about 10 mg each and 

were run from ambient to 800 °C at a heating rate of 10 °C/min under constant N2 flow. 

4.3 Results and Discussion 

4.3.1 Tensile Testing 

Static tensile loading tests were performed on the prepared nanocomposites with 

0 to 0.8 wt% GPL. Increasing GPL loading resulted in large increases in tensile proper-

ties. The Young’s modulus increased from 474 MPa for cured neat Cardolite NC- 514 to 

a maximum of 1700 MPa with the addition of 0.5 wt% GPLs. The 0.8 wt% GPL nano-

composite had a slightly lower Young’s modulus (1660 MPa). The overall increase in 

Young’s modulus was 258%. Figure 4.3.1-1a displays representative stress-strain curves 

of Cardolite-514/GPL nanocomposites while Figure 4.3.1-1b shows the corresponding 

plot of Young’s modulus vs. GPL loading. The stress-strain curve of the cured neat resin 

is indicative of a typical elastomer. Addition of GPL’s (ranging from 0.1 to 0.8 wt%) 

results in stress-strain curves that exhibit characteristics of a yield point and a plastic 

deformation region that is not often observed in epoxy resin matrices due to their brittle 

behavior and high degree of crosslinking. For clarity, the engineering strain is only 

shown to 10% to show the effect of GPL on increasing Cardolite-514’s tensile modulus. 

We can also observe that the Young’s modulus plateaus when increasing GPL content 

from 0.5 to 0.8%, indicating that that further addition of GPL is ineffective for increas-

ing tensile properties. 
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Figure 4.3.1-1. a) Representative stress-strain curves of cured neat Cardolite NC-514 and corre-

sponding nanocomposites with 0.1, 0.2, 0.5 and 0.8 wt% GPL’s shown to 10% , b) Young’s modulus 

as a function of GPL loading 

The ultimate tensile strength of the nanocomposites also increased from 17 MPa 

(derived from % strain calculated by displacement) for cured neat Cardolite NC-514 to 

33 MPa for 0.5 wt% GPL, correlating to a 94% total increase. However, the tensile 

strength of the nanocomposites with 0.5 and 0.8 wt% GPL loading were identical within 

a 

b 
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their standard deviations, further consistent with nanofiller aggregation. Figure 4.3.1-2 

shows a graphical representation of the ultimate tensile strength. Percent strain at break 

values plotted in Figure 4.3.1-2 were calculated from the extension of the crosshead. 

Overall, the strain at break decreased dramatically from 75%, for neat Cardolite NC-514, 

to 20% for the 0.8 wt% GPL nanocomposite. Thus, increasing the GPL loading reduced 

the ductility of the cured resins, consistent with previous studies on GPL nanocompo-

sites. However, the Cardolite NC-514/GPL nanocomposites prepared herein all have 

higher elongation at break values than neat DGEBA cured, which has typical elongation 

at break values of less than 10% with an identical crosslinker under a similar curing 

cycle.
96 
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Figure 4.3.1-2. Plots for Cardolite NC-514/GPL nanocomposite of a) ultimate tensile strength and b) 

percent strain at break 

The tensile testing results indicate that GPL is effective as a nanofiller that increases the 

Young’s modulus and the tensile strength of Cardolite NC-514 at relatively low loadings 

(up to 0.5% w/w). The fact that increasing the GPL loading from 0.5 to 0.8 wt% did not 

significantly change Young’s modulus values of the corresponding nanocomposite is an 

a 

b 
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indicator that percolation of the GPL occurs at around 0.5 wt%. In comparison, utiliza-

tion of graphene in DGEBA matrices by the same dispersion method demonstrates GPL 

percolation at 0.1 wt%.
122

 The difference in percolation thresholds based on optimization 

of physical properties is attributed to the difference in aromaticity of the Cardolite NC-

514 and DGEBA. Specifically, DEGBA is more aromatic than Cardolite NC-514. The 

Cardolite NC-514/0.5 wt% GPL nanocomposite still retains 30% strain at break demon-

strating it has a window of plastic deformation that is uncommon to epoxy thermosets 

and especially epoxy thermoset nanocomposites. From stress-strain plots in Figure 4.3.1-

1a, this window of plastic deformation that results from incorporating GPL in the matrix 

is more pronounced with increasing GPL loading. To qualitatively assess nanocomposite 

toughness, stress-strain curves were integrated from 0-10% strain. Indeed, the toughness 

increases by 220% from 86 J·m
-3

·10
4
 for cured neat Cardolite NC-514 to 276 J·m

-3
·10

4
 

for the nanocomposite with 0.5 wt% GPL (Table 4.3.3-1).  

4.3.2 Fracture Toughness 

The evidence of toughening from analysis of stress-strain curves indicates that 

the nanocomposites should possess improved fracture toughness. Mode I fracture 

toughness was measured on compact tension samples of the pure epoxy matrix and the 

Cardolite NC-514/GPL nanocomposites. The stress intensity factor (KIC) increases 

almost linearly from 0.7 MPa·m1/2 to 1.8 MPa·m1/2 for 0 and 0.5 wt% GPL, respec-

tively, an increase in fracture toughness of 157%. Further loading of GPL to 0.8 wt% 

resulted in a decrease in KIC (Figure 4.3.2-1). The KIC of Cardolite NC-514 with 0.1 

wt% GPL is 1.2 MPa·m1/2, above that of neat DGEBA epoxy thermosets cured with 

diamine or polyamine hardeners (KIC values of 0.7 to 0.9 MPa·m1/2).
96

 Further, the 

KIC for neat Cardolite NC-514 is similar to previously published work for Cardolite 

NC-514 determined by single edge notched bending tests.
124
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Figure 4.3.2-1. Plots of a) KIC and b) GIC for Cardolite NC-514/GPL nanocomposites as a function of 

GPL loading 

The strain energy release rate (GIC) showed a similar trend to that of KIC (Figure 4.3.2-

1). It’s noteworthy that the actual value of Poisson’s ratio most likely changes slightly as 

a function of GPL loading. However, for this study, it was assumed to remain constant.  

The GIC increased from 900 J/m2 for neat Cardolite to 1700 J/m2 for 0.5 wt% GPL 

a 

b 
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nanocomposites, an 89 % increase. Further increase in the nancomposite GPL content to 

0.8 wt% resulted in a decrease in material fracture toughness so that GIC is below that of 

neat Cardolite NC-514. This behavior may be due to GPL aggregation because further 

addition of GPL does not result in improved tensile properties.  

The majority of compact tension samples of neat Cardolite NC-514 and corresponding 

nanocomposites with GPL contents of 0.1 to 0.5 wt% failed by a mechanism that is more 

indicative of ductile fracture. That is, instead of rapidly breaking which is the case for 

the majority of DGEBA based epoxy resins,
96

 the samples failed by a slow tearing 

mechanism under constant crosshead speed. In contrast, the majority of 0.8 wt% GPL 

nanocomposites fractured quickly which is consistent with a brittle fracture mechanism. 

Thus, loading of Cardolite NC-514 with 0.8 wt% dramatically reduced nanocomposite 

ductility. As commented on above and described elsewhere for related systems,
122

 

increasing GPL content from 0.5 to 0.8 wt% may result in GPL aggregation that reduces 

nancomposite toughness.   

The increases in fracture toughness of Cardolite NC-514 with GPL loadings up to 0.5% 

are considerable relative to related studies of DGEBA reinforcement with silica nanopar-

ticles
125

 and other work using titanium and aluminum oxide nanoparticles.
126

 That is, 

relative to reinforcement of DGEBA by GPLs, Cardolite NC-514/GPL reinforced 

nanocomposites are equivalent in terms of fracture toughness but require higher GPL 

loadings were needed to achieve a comparable result.  While reinforcement by GPL at 

low loadings is preferable, Cardolite NC-514/GPL nanocomposites provide a means by 

which material properties can be tuned over a sufficiently broad range of GPL contents 

(0.1-0.5 wt%). In an effort to experimentally determine why Cardolite NC-514/GPL 

nanocomposites shifts from ductile to brittle fracture mechanisms as a function of GPL 

loading, analysis of nanocomposite thermomechanical properties was performed. 

4.3.3 Dynamic Mechanical Analysis 

Analysis by DMA of Cardolite NC-514/GPL reveals the temperature dependence 

of the storage modulus and, correspondingly, the α-transition temperature (Tg) from the 

peak of the loss modulus. The storage modulus at 25 °C increased from 1050 MPa for 

neat Cardolite NC-514 to 2090 ± 130 MPa with 0.1 wt% GPL (Table 4.3.3-1).  Further 
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increase in GPL loading to 0.2 wt% resulted in a decrease in the storage modulus to 

1375 MPa. As the GPL loading was increased to 0.5 and 0.8%, the storage modulus 

increased to 1900 ± 114 MPa. Thus, the storage modulus of Cardolite NC-514/GPL 

nanocomposites with 0.1 and 0.8 wt% GPL do not significantly differ. Thus, the trends 

as a function of GPL loading for Cardolite NC-514/GPL nanocomposites determined by 

tensile testing and fracture toughness (see above) do not correspond with changes in 

storage modulus.   

Table 4.3.3-1. Storage modulus, alpha transition temperature (Tg), and tensile toughness 

Nanocomposite Storage Modulus 

(MPa) at 25 °C 

Tg by Peak of Loss 

Modulus °C 

Tensile Tough-

ness J·m-3
·104 

Cardolite NC-514 1051± 70 27 86 

0.1 wt% GPL 2090 ± 130 33 174 

0.2 wt% GPL 1375 ± 85 35 187 

0.5 wt% GPL 1490 ± 125 35 276 

0.8 wt% GPL 1900 ± 114 50 271 
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Figure 4.3.3-1. Peaks of the loss modulus of Cardolite NC-514/GPL nanocomposites as a function of 

GPL loading. The peaks were taken as glass transition temperature (Tg) values for the nanocompo-

sites 

Values of from the peak of the loss modulus were used to determine the Tg for the 

nanocomposites (Figure 4.3.3-1). The peak of the loss modulus of neat Cardolite NC-

514 is at 27 °C. Loading with GPL from 0.1 to 0.5 wt% increased the peak of the loss 

modulus to 35 °C. The loss modulus peaks for nanocomposites with up to 0.5 wt% GPL 

are broad and encompasses ambient temperatures which is consistent with their flexibil-

ity. In other words, the width of the loss modulus curves implies that the polymer chains 

remain somewhat mobile allowing ductile behavior at ambient temperatures. In contrast, 

the peak of the loss modulus for the 0.8 wt% GPL is 50 °C, which is significantly above 

room temperature such that, at ambient conditions, the cured nanocomposite is within 

the glassy domain. Thus, the decline in toughness from 0.5 to 0.8 wt% GPL loading is 

due to the large shift in the peak of the loss modulus from 35 to 50 
°
C, and GPL aggrega-

tion seems unlikely with such a large increase in Tg at 0.8 wt% as hypothesized above. 
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To gain further insight into the potential occurrence of GPL aggregation fractured 

surfaces of the nanocomposites were analyzed by scanning electron microscopy. 

4.3.4 Scanning Electron Microscopy 

SEM images of neat Cardolite NC-514 and Cardolite NC-514/GPL nanocomposites at 

fractured surfaces are displayed in Figure 4.3.4-1.  Neat Cardolite NC-514 has a relative-

ly smooth surface. However, with increases in GPL loading, the surface roughness 

increases. Conversely, from 0.5 to 0.8 wt% GPL, the surface becomes smoother with 

patterns we hypothesize are due to the brittle fracture.  Thus, SEM images do not defini-

tively show GPL aggregation, but rather differences in surface morphology related to the 

mode of failure. Furthermore, the increase in Tg from 0.5 to 0.8 wt% GPL does not 

support aggregation of GPL, but rather a better dispersion of GPL, but because the Tg is 

now significantly above room temperature the toughness of the polymer decreases. 

  

Figure 4.3.4-1. SEM images of fracture surfaces of pure Cardolite NC-514 (a) and   GPL/Cardolite 

NC-514 composites reinforced with GPL weight loadings of (b) 0.1%, (c) 0.2%, (d) 0.5% and (e) 0.8 

wt % 

4.3.5 Thermogravimetric Analysis (TGA) 

TGA weight loss curves and corresponding onset of degradation temperatures are given 

in Figure 4.3.5-1 and Table 4.3.5-1, respectively. Increases in the onset of degradation 

were observed for Cardolite NC-514/GPL relative to neat cured Cardolite NC-514 epoxy 



 

  105  

 

resins. The largest thermal stability increases as a function of GPL loading was achieved 

for 0.5 wt% GPL. The increase in the onset of degradation relative to neat Cardolite NC-

514 is 11% for Td3% and 4% for Td5%. Improvements in thermal stability are most likely 

due to increased barrier properties and limitation of diffusion of degradation products 

from the prepared nanocomposites degradation for prepared nanocomposite at 1, 3, and 

5 wt% losses. 

 

Figure 4.3.5-1. Thermal stability of prepared nanocomposites showing gains in onset of degradation 

temperature shown from 25 – 400°C. 
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Table 4.3.5-1. Temperatures at specific weight losses to compare changes in onset of degradation 

 

4.4 Conclusions 

 This study shows that Cardolite NC-514/GPL nanocomposites yield thermoset 

materials with important improvements relative to neat Cardolite NC-514. Loading of 

GPL’s up to 0.5 wt% led to increases in Young’s modulus, tensile strength, mode I 

fracture toughness, and thermal stability. Such enhancements in performance are con-

sistent with good dispersion of GPL in the Cardolite NC-514 matrix.   

 The upgrade in material performance of cured Cardolite NC-514 epoxy resins by 

incorporating up to 0.5 wt% GPL reveals the potential use of Cardolite NC-514 in 

structurally demanding applications such as car parts, windmill turbine construction and 

aerospace applications. The dramatic increases in fracture toughness are particularly 

attractive as epoxy resins are traditionally known as brittle materials and the prepared 

nanocomposites allow for improved toughness while still retaining attractive properties 

of a flexible epoxy resin. We attribute the large improvements in fracture toughness to 

the combination of crack deflection by graphene platelets in a ductile matrix and testing 

of the cured epoxy nanocomposites within their glass transition temperature range  

Furthermore, Cardolite NC-514 is a biobased epoxy resin produced from cardanol, a 

byproduct of cashew nuts.  The performance attributes of Cardolite NC-514/GPL 

nanocomposites are promising and may allow its substitution for selected petroleum 

Nanocomposite Td1% °C Td3% °C Td5% °C 

Neat Cardolite 206 303 334 

0.1 wt% GPL 239 300 322 

0.2 wt% GPL 280 332 346 

0.5 wt% GPL 286 335 348 

0.8 wt% GPL 394 330 341 
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derived carbon epoxy resin systems. Indeed, this work establishes that Cardolite NC-

514, with addition of GPLs or other appropriate nanofillers, has value for applications 

outside of coatings or reactive diluents.  Replacing petroleum derived carbon with 

readily renewable carbon is an important step to ease current problems in greenhouse gas 

emissions and corresponding effects on climate change.   

Moreover, we conclude that exploration of Cardolite NC-514 nanocomposites warrant 

further work in order to realize opportunities to replace traditional epoxy resin and epoxy 

resins nanocomposite systems where high glass transition temperatures are not required. 

Furthermore, this work highlights how incorporation of graphene platelets in biobased 

materials can unlock the potential of their use in high performance applications.



 

Portions of this chapter previously appeared as: Maiorana, A.; Yue, L.; Manas-

Zloczower, I.; Gross, R.A. Structure-property relationships of a bio-based reactive 

diluent in a bio-based epoxy resin, J.  Appl. Polym, Sci. 2016 DOI: 10.1002/app.43635 
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5. Structure Property Relationships of a Biobased Reactive Diluent in 

a Biobased Epoxy Resin 

5.1 Introduction 

We have recently reported sustainable epoxy resin derived from a levulinic acid 

derivative known as diphenolic acid as an alternative to bisphenol A. The diphenolic 

acid based epoxy resin system utilized the functionalization of the carboxylic acid with 

n-alkyl alcohols easily obtained from bacterial fermentation (C1-C5) where increasing 

the length of the n-alkyl chain reduced the resin viscosity and glass transition tempera-

ture.
1
 However, the lowest viscosity of the reported n-alkyl diphenolate resins is still too 

high (11 Pa.s) for vacuum infusion of continuous fibers for composite fabrication and 

would require a reactive diluent.  

 Development of thermoset infusion resins has primarily been the focus of indus-

trial resin development and formulation
127–129

 and has received little to no academic 

attention. Infusion resins for production of high filler content composites require epoxy 

resins with viscosities below that of neat DGEBA (less than 4 Pa.s).
130

 The route to 

development of infusion resins is primarily based in the mixing of DGEBA with low 

viscosity reactive diluents such as aliphatic glycidyl esters
131

 and aliphatic
132

 or aromatic 

glycidyl ethers.
6
 Low viscosity epoxy resins are typically deemed reactive diluents either 

because they are monofunctional and would not be able to achieve a crosslinked network 

or the properties of the neat polymer would not be suitable for a wide range of applica-

tions. Indeed, there are a number of patents describing the synthesis of reactive diluents 

from numerous companies,
131,132

 but understanding how these diluents function before, 

during, and after cure is relatively unexplored or detailed in any of the current literature. 

Development of a vacuum infusion resin for composites is a main growth area for epoxy 

resins as high filler content composites in wind turbine blades
133

 and automotive parts
8
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grow in market share to meet clean energy and vehicle light weighting demands respec-

tively. 

 Our goal was to synthesize and systematically explore the use of a monofunc-

tional reactive diluent based on eugenol, a derivative of cloves that could be obtained 

from lignin, to develop a vacuum infusion molding resin system. The glycidyl ether of 

eugenol could be used in progressively higher loadings to reduce the viscosity of the 

diglycidyl ether of diphenolate n-pentyl ester (DGEDP-Pe). We sought to understand 

how incorporation of the glycidyl ether of eugenol (GE) influences the properties of the 

epoxy resin system when cured with isophorone diamine with respect to the gel point 

through chemorheology and the final cured properties through dynamic mechanical 

analysis and thermogravimetric analysis. We hypothesized that addition of the reactive 

diluent would reduce viscosity and increase the gel time, but would also increase the 

average molecular weight between crosslinks through chain extension. We anticipated 

that at high enough loadings of the reactive diluent decreases in the glassy phase modu-

lus and glass transition temperature would occur. Herein we report that GE is an 

effective reactive diluent and report a range of loadings that would be suitable for 

development of an infusion molding epoxy resin. 

5.2 Experimental 

5.2.1 Materials 

Eugenol, tetraethylammonium bromide, isopropanol, and epichlorohydrin was purchased 

and uses as received from Alfa Aesar. Isophorone diamine (IPDA), 0.1 M perchloric 

acid in acetic acid, sodium hydroxide, crystal violet, and acetic acid was purchased from 

Sigma Aldrich and used as received. The diglycidyl ether of diphenolate methyl ester 

(DGEDP-Me) was prepared as previously reported.
1
 

5.2.2 Synthesis of Glycidyl Ether of Eugenol 

30 grams of eugenol (0.183 mols), 126 grams of epichlorohydrin (1.370 mols), and 126 

mL of isopropanol were charged to a 500 mL roundbottom flask equipped with a Claisen 

condenser, pressure equalizing addition funnel, and Teflon coated magnetic stir bar. A 
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20% solution of sodium hydroxide was prepared from 8.04 grams of NaOH (0.201 mols) 

and distilled water and added to the addition funnel. The reaction mixture was brought to 

reflux under constant magnetic stirring. The sodium hydroxide solution was added 

dropwise at the rate of 1-2 drops/second. The reaction was refluxed for an additional 30 

minutes after the addition of sodium hydroxide and then left to cool to room tempera-

ture. The reaction mixture was then decanted into a 1 L separatory funnel and remaining 

salt was washed with 50 mL of dichloromethane and added to funnel. The mixture was 

then washed with two portions of 200 mL of 3 M acetic acid, three portions of 200 mL 

of brine, and three portions of 200 mL distilled deionized water. The mixture was then 

dried over anhydrous magnesium sulfate and filtered. The remaining solvents and 

reactants were then removed with rotary evaporation and flash vacuum distillation (1 

torr, 120 °C). The isolated product was a light yellow liquid with a yield of 85-90%. 

Glycidyl Ether of Eugenol 
1
H NMR (500 MHz, CDCl3): ppm δ 2.73 (dd, J = 4.89 Hz, 

1H), 2.83 (observed triplet, J = 4.65 Hz, 1 H), 3.34 (d, 2 H), 3.37 (m, 1H), 3.86 (s, 3H), 

4.01 (dd, J = 11.25 Hz, 1H), 4.22 (dd, J = 3.42 Hz, 1H), 5.07 (m, 1H), 5.10 (t, 1H), 5.96 

(m, 1H), 6.71 (s, 1H), 6.73 (d, 1H), 6.86 (d, 1H); High Resolution Mass Spectrometry 

(ESI): 238 (220 + NH4
+
) m/z.  

5.2.3 Synthesis of Diglycidyl Ether of Diphenolate Pentyl Ester 

(DGEDP-Pe) 

The preparation is described elsewhere.
1
 In summary, The reaction was performed in a 

three neck 1 L round bottom flask equipped with an overhead mechanical stirring, a 

water condenser and a pressure equalizing dropping funnel. The reaction flask was 

charged with an n-alkyl phenolate (25.00 g), epichlorohydrin (15 equiv.) and 2-propanol 

(115 mL). Then, the reaction flask was heated to reflux (~115 °C) with stirring and a 

20% solution of aqueous sodium hydroxide containing 2.1 equivalents of sodium 

hydroxide was added dropwise to the reaction. After addition of the sodium hydroxide 

solution was complete the reaction mixture was maintained at reflux for 30 minutes. 

Subsequently, the reaction mixture was cooled to room temperature, sodium chloride 

was removed by filtration, the majority of 2-propanol was removed by rotary evapora-

tion and sodium chloride was removed by filtration. The reaction mixture was taken up 
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in 50 mL of dichloromethane and then transferred to a separatory funnel, neutralized by 

washing with two portions of 100 mL 3 M acetic acid, washed with 3 portions of 100 

mL distilled deionized water, and dried over anhydrous magnesium sulfate. Remaining 

2-propanol or epichlorohydrin was removed by rotary evaporation and vacuum distilla-

tion (1 mmHg, 150 
°
C external pot temperature). The products obtained were viscous 

light yellow liquids in yields of 85-97%. 

5.2.4 Preparation of cured epoxy materials for testing 

Epoxide equivalent weights of the neat resins were taken from previously reported 

results or determined through titration according to ASTM D1652.
1
 Weights of reaction 

components were calculated by using the epoxide equivalent weight (EEW) and the 

amine hydrogen equivalent weight (AHEW), which were calculated by Equations 4 and 

5, respectively. Values of EEW and AHEW were placed into Equation 6 to obtain the 

parts by weight of diamine per hundred parts resin (phr).
6
 

 𝐸𝐸𝑊 𝑜𝑓 𝑀𝑖𝑥 =  
𝑇𝑜𝑡𝑎𝑙 𝑊𝑒𝑖𝑔ℎ𝑡

𝑊𝑒𝑖𝑔ℎ𝑡 𝑅𝑒𝑠𝑖𝑛 𝐴

𝐸𝐸𝑊 𝑜𝑓 𝐴
+

𝑊𝑒𝑖𝑔ℎ𝑡 𝑅𝑒𝑠𝑖𝑛 𝐵

𝐸𝐸𝑊 𝑜𝑓 𝐵

       (4)    

 𝐴𝐻𝐸𝑊 =  
𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝐴𝑚𝑖𝑛𝑒

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐴𝑐𝑡𝑖𝑣𝑒 𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛𝑠
           (5) 

𝑝ℎ𝑟 =  
𝐴𝐻𝐸𝑊 𝑥 100

𝐸𝐸𝑊
            (6)

  

Epoxy resins were mixed by hand with a metal spatula with the appropriate amount of 

isophorone diamine (IPDA) until the mixture appeared homogenous. The mixed resins 

were then transferred to a capped syringe and degassed by centrifugation (3000 rpm, 2 

min) to remove air bubbles. The resins were then transferred via syringe into stainless 

steel molds coated with PTFE mold release agent. The mold geometries used were: 

rectangular dual cantilever bars (40 mm x 12 mm x 3 mm) and rheology discs (25 mm x 

2 mm). The method of resin curing was adapted from a literature procedure.
96

 In sum-

mary, the resins were maintained under ambient conditions in the molds for 16 h after 

which they were compression molded for 4 h at 80 °C with 2 metric tons of applied 

pressure and then 4 h at 160 °C without any release of pressure. For chemorheology, 
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samples were mixed with IPDA as previously described and were then placed on the 

rheometer to minimize effects of cold curing. 

5.2.5 Dynamic Mechanical Analysis 

Dynamic mechanical analysis (DMA) was performed using a Q800 from TA Instru-

to determine the storage modulus (E’) and alpha transition temperature (determined from 

the peak of the loss modulus)  (E”) by scanning at 2 °C/min from 0 °C to 200 °C. All 

DMA tests were repeated at least five times.  

5.2.6 Rheology 

The viscosity of the different resins and their mixtures was determined by steady shear 

experiments at 25 °C using a TA AR-G2 rheometer equipped with 25 mm diameter 

parallel plates. The shear rate ranged from 1-100 s
-1

 under the steady shear flow with an 

equilibration time of 1 min and a sample gap of 1 mm. The viscosity was reported as an 

average from the Newtonian region. The average molecular weight between crosslinks 

was determined using a TA AR-G2 rheometer by a literature method.
1
 For chemorheol-

ogy, dynamic shear experiments were performed using a TA AR-G2 rheometer equipped 

with 8 mm diameter parallel plates. Temperatures were ramped at 5 °C/minute at a 

frequency of 1 rad/s to the isothermal time sweep. Each isothermal cure was monitored 

in multi-frequency mode from 1 – 15 rad/s with a total of five frequencies operating at 

0.1% strain. Gel times are measured as the time from the start of the test till momentary 

frequency independence of the tan(δ).
5
 

To determine the average molecular weight between crosslinks, a TA Instruments AR-

G2 rheometer equipped with 25 mm stainless steel parallel plate geometry with a con-

stant nitrogen flow was utilized. The tests were conducted with 15 N of normal force in 

order to ensure good contact between the plates. Each sample was run at a temperature 

50 °C higher than the peak of tan δ with the frequency swept from 0.1 rad/s to 100 rad/s 

with the shear modulus being determined from the average storage modulus (G’) that 

was frequency independent.  
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5.2.7 Thermogravimetric Analysis 

The thermal stability of the prepared resins was studied by TGA using a TA Instruments 

Q50 with an alumina pan. The samples were about 10 mg each and were run from room 

temperature to 800 °C at a heating rate of 10 °C per minute under constant N2 flow.  

5.2.8 Differential Scanning Calorimetry 

Differential scanning calorimetry was conducted on cured samples and diphenolate 

esters using a TA Instruments Q2000 with Tzero aluminum pans at a scanning rate of 10 

°C/minute from -80 to 200 °C under constant N2 flow. Modulated differential scanning 

calorimetry was used at a modulation of 1°C/minute from 25 °C to 210 °C with Tzero 

aluminum pans under constant N2 flow. 

5.2.9 Nuclear Magnetic Resonance 

The 
1
H NMR spectrum was obtained using a Varian 500 MHz NMR. 

5.3 Results and Discussion 

5.3.1 Synthesis and Characterization of Reactive Diluent  

The glycidyl ether of eugenol (GE) was prepared by a single step process depicted in 

Scheme 5.3.1-1 (for detailed procedures see experimental section). The glycidylation 

reaction was performed with excess epichlorohydrin under alkaline conditions under 

homogenous conditions. The resulting product was obtained in yields ranging from 85-

90%. The products was analyzed by 
1
H NMR and high resolution mass spectrometry 

(see experimental) and characterized by epoxide equivalent weight titration and viscosi-

ty. The glycidyl ether of eugenol was first characterized by 
1
H NMR, and the peak 

positions were assigned based on predicted chemical shift positions using ChemDraw. 

Further rational for peak assignments was based on previous literature.
1,49

 The assigned 

peaks for the GE 
1
H NMR spectrum are shown in Figure 5.3.1-1. 
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Scheme 5.3.1-1. Synthesis of glycidyl ether of Eugenol  

 Dimeric co-products were observed in the high resolution mass spectrum, but 

were not able to be quantified with 
1
H NMR or epoxide equivalent weight titrations. The 

epoxide equivalent weight of the GE showed the theoretical value at 220 ± 8 and further 

indicates that the majority of isolated product was pure. Aside from the purity of GE it 

was a low viscosity liquid, much lower than that of the prepared DGEDP-Pe epoxy 

resin. The viscosity of GE was observed to be 25 mPa.s and in comparison to DGEDP-

Pe (11.5 Pa.s) the viscosity is significantly lower and thus would enable the glycidyl 

ether of eugenol to act as a reactive diluent.  
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Figure 5.3.1-1. 
1
H NMR and assigned peaks of glycidyl ether of eugenol 

5.3.2 Blending Reactive Diluent with DGEDP-Pe 

 In order to assess the working ranges of a reactive diluent system the viscosity of 

the neat DGEDP-Pe resin without addition of crosslinker was characterized with pro-

gressive loadings of GE. The viscosity as a function of GE weight percent loading is 

shown in Figure 5.3.2-1. Additions of 5, 10, 15, 20, 30, and 50 wt% GE are shown to 

significantly decrease the viscosity of the system. Addition of just 5 wt% GE reduces the 

viscosity by 38% and 10 wt% reduces the viscosity by 70%. A viscosity reduction of 

100% is observed around 20 wt% GE and viscosities of less than 1 Pa.s are observed at 

loadings above 20 wt%. In comparison a Hexion infusion resin system has a viscosity of 

0.7 – 1.1 Pa.s as reported from the manufacturer. 
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Figure 5.3.2-1. Viscosity as a function of the percent glycidyl ether of eugenol with average of the 

newtonian viscosity being reported 

In translating the weight % of GE to mole % GE shown in Table 5.3.2.-1 the 30 

wt% loading of GE is the highest loading possible before the reactive diluent would 

theoretically change the system from a thermoset to a thermoplastic based on stoichiom-

etry. Further, in Table 5.3.2-1 the epoxide equivalent weights are shown to stay 

relatively constant meaning that the only variables introduced are those of the changing 

viscosity and we hypothesized chain extension through occupying a crosslinking site. If 

the GE were to extend the molecular weight between crosslinks then we then could 

utilize chemorheology to determine the onset of network formation (gel time) through 

the momentary frequency independence of the tan δ.
5
 Extending the molecular weight 

between crosslinks would mean less crosslink points and thus a longer time to form a 

three dimensional network. 
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Table 5.3.2-1. Weight and mole percent equivalents 

Weight % Glycidyl Eugenol Mole % Glycidyl Eugenol EEW 

0 0 234 

5 10 233 

10 20 233 

15 27 232 

20 35 231 

30 48 230 

5.3.3 Dynamic Shear Rheology: Chemorheology for Gelation 

 In order to test the hypothesis that the GE would occupy a crosslinking site and 

extend the molecular weight between crosslinks we utilized dynamic shear rheology at 

80 °C with a temperature ramp (5 °C/min). The temperature ramp was employed to 

mimic a realistic simulation for the curing of the epoxy resin as curing temperatures are 

not obtained instantaneously. At this point the epoxy resins have stoichiometric amounts 

of isophorone diamine and have been degassed according to the experimental section. 

Once the resin compositions have reached 80 °C the rheometer was operated in a multi-

frequency mode to determine the gel point as the momentary frequency independence of 

the tan δ shown in Figure 5.3.3-1.
5
 The gel point when measured by the aforementioned 

method is indicative of the onset of network formation and is the point where the poly-

mer starts to exhibit thermoset like behavior. Figure 5.3.3-1 shows the gel time as 

function of GE content. The gel point is often the end of the processing window for 

epoxy thermosets so extending the gel point in effect also extends the working time or 

pot-life of the resin. Additionally because these tests were conducted at 80 °C the time to 

gelation at lower temperatures would take even longer and vice versa for  
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Figure 5.3.3-1. a) Gel time as a function of the reactive diluent at 80°C and b) momentary frequency 

independence of tan δ for 5 wt% GE composition 

 Small gains in inhibiting the gel time were observed at 10 wt% GE with the most 

gains being observed at higher percentages. Indeed, at 10 wt% GE the gel time is ex-

tended from 45 minutes to 50 minutes resulting in an 11% increase. Progressively higher 

loadings at 15, 20, and 30 wt% showed a near linear increase in the gel time at 61, 70, 

and 84 minutes respectively. This indicates the GE starts to significantly influences gel 

a 

b 
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times at 10 wt% and higher, while below this critical percentage GE only acts to reduce 

the viscosity of the resin system. Higher additions of GE (above 30 wt%) did not show 

any definitive gel point by the frequency dependence of tan δ. While addition of the GE 

above 10 wt% was effective at lowering the viscosity and increasing the gel time the 

mechanism of it acting as a chain extender is not definitively proven through chemorhe-

ology. Liu et al. have shown that increasing the molecular weight between crosslinks in 

epoxy thermosets will decrease the glass transition temperature.
105

 In order to experi-

mentally test this hypothesis we utilized dynamic mechanical analysis. 

5.3.4 Dynamic Mechanical Analysis 

 Dynamic mechanical analysis (DMA) of the cured resin mixtures provided the 

temperature dependence of the storage modulus (E’) and loss modulus (E”). The peak of 

the loss modulus correlates to the alpha transition temperature and is closely related to 

the glass transition temperature (Tα ≈ Tg) and is the more conservative value than the 

peak of the tan δ. The storage modulus at 25 °C was taken to be the glassy modulus of 

the cured thermosets and over the whole range of GE loadings the glassy modulus 

remained between 2-3 GPa (Figure 5.3.4-1a) without any trends indicating that addition 

of GE significantly alters the glassy modulus.  
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Figure 5.3.4-1. a) Storage modulus (25 °C) and b)peak of the loss modulus (alpha transition) being 

related to the glass transition temperatures as a function of increasing glycidyl eugenol 

  

b 

a 
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 Alternatively the peak of the loss modulus (Tα ≈ Tg) which is taken to be the glass 

transition temperature exhibits significant changes even at 5 wt% GE and is show in 

Figure 5.3.4-1b. The shifts in Tg show that even low loadings of GE have significant 

effects on the Tg that was not observed in the glassy modulus or gel time results. The 

glass transition temperature decreases almost linearly from 92 °C the neat DGEDP-Pe to 

53 °C for 30 wt% GE. The largest observed change in the Tg was from 80 to 65 °C as a 

result of increasing the GE content from 10 wt% to 15 wt% and represents a 19% 

difference. This is a definitive indicator that the molecular weight between crosslinks is 

indeed increasing. Additionally, the significant changes in the Tg are not reflected in the 

glassy modulus and supports results by Liu et al.
105

 

 While the glassy phase modulus remains unaffected the rubbery phase modulus 

can also be analyzed by analyzing the frequency independence of the shear modulus, 

which is directly related to the average molecular weight between crosslinks according 

to equation 1. This method has been employed previously
1,124

 and is detailed in the 

experimental section.  

𝑀𝑥 =
𝑝𝑅𝑇

𝐺𝑁
      (1) 

Where Mx is the average molecular weigh between crosslinks, ρ is density, R is 

the universal gas constant, GN is the shear modulus, and T is the absolute temperature of 

the rubbery region. The density of the polymers were determined to be about 1 g/cm
3
 

according to ASTM D792-13 and the temperature for the rubbery region was determined 

to be at the peak of tan δ + 50 °C in Kelvin.
92

 The changes in Mx can be observed in 

Figure 5.3.4-2 and it should also be noted that the magnitude of the molecular weight is 

significantly higher than what is realistic and thus is only used to analyze a trend as 

opposed to a quantitative measure of the Mx. 
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Figure 5.3.4-2. Changes in the average molecular weight between crosslinks determined through 

parallel plate oscillatory rheology 

 Indeed, the molecular weight between crosslinks does change significantly with 

addition of the GE. Addition of only 5 wt% of GE changes the Mx by about 40% and 

further additions of the GE up to 20 wt% show smaller changes in the Mx and even 

indicates a plateau between 15 and 20 wt% GE. However, at the 30 wt% of GE a large 

increase in the Mx is observed, which was unexpected given the trend of the data. The 

change in the Mx from the neat DGEDP-Pe to 30 wt% GE is represents a 291% change 

and we hypothesize that this change could be related to a rearranged three dimension 

structure that is dissimilar from those of samples with lower loadings. Samples were run 

multiple times to confirm the significant increase in Mx. We hypothesize that the signifi-

cantly high loading of GE pushes the system to behave more like a lightly crosslinked 

thermoplastic polymer as opposed to a thermoset, but a separate study investigating 

significantly high loadings of monofunctional reactive diluents would be required. 
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5.3.5 Thermogravimetric Analysis 

 The thermal stability of the resins is additionally important for temperature 

demanding applications and in showing the addition of the GE is an effective reactive 

diluent that extends the molecular weight between crosslinks the effect on thermal 

stability should be assessed. We hypothesized that decreasing the crosslink density of the 

polymer network would also decrease the thermal stability of the polymer. Figure 5.3.5-

1 shows the weight loss curves as a function of temperature while Table 5.3.5-1 shows 

the onset of degradation. Indeed, as the GE increases the onset of degradation occurs at 

lower temperatures. The neat DGEDP-Pe has an onset of degradation (Td5%) around 350 

°C while addition of up to 30 wt% GE decreases the onset of degradation to 320 °C 

indicating a 9% decrease in the onset of degradation. However, only significant losses in 

the onset of degradation temperature are realized at 15 wt% GE indicating that while the 

Mx does appear to have an effect on thermal stability it is not as sensitive as the Tg. We 

hypothesize that as the molecular weight between crosslinks increases the overall system 

becomes more permeable to gases and thus more prone to thermal degradation. 
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Table 5.3.5-1. Onset values for thermal degradation under nitrogen flow of the prepared resins at a 

heating rate of 10 °C/minute 

Resin Formulation Td3% °C Td5% °C 

Neat DGEMDP 343 350 

5% Glycidyl Eugenol 335 347 

10% Glycidyl Eugenol 332 348 

15% Glycidyl Eugenol 317 337 

20% Glycidyl Eugenol 303 331 

30% Glycidyl Eugenol 294 321 

 

 

Figure 5.3.5-1. Onset of degradation of prepared formulations by comparing weight loss curves as a 

function of temperature 
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5.4 Conclusion 

 In conclusion we have systematically studied the effects of a biobased monofunc-

tional reactive diluent with the goal of developing a low viscosity epoxy resin that could 

be utilized in vacuum infusion molding of higher filler composites. The glycidyl ether of 

eugenol is an effective reactive diluent in that it lowers the viscosity of the overall 

system without changing the glassy phase modulus while also extending the onset of 

network formation. Compositions of 15 wt% GE or higher with the diglycidyl ether of 

diphenolate pentyl ester could be utilized as infusion resin systems for continuous 

composite preparation. However, careful attention should be given to the working 

temperature of the composites as the glass transition temperature of the 15 wt% and 

higher compositions are significantly lower than that of a traditional infusion system 

based on bisphenol A. Finally, it should be noted that extension of the molecular weight 

between crosslinks has been linked to increased fracture toughness by numerous re-

searchers, but at the 20 wt% and 30 wt% GE compositions the materials seemed to be 

more brittle than lower compositions. A more detailed study should be carried out on 

monofunctional reactive diluents and their effects on fracture toughness and fatigue life 

and if these systems can be utilized as infusion resins for continuous fiber composites. 



 

Portions of this chapter previously appeared as: Maiorana, A.; Subramaniam, B.; Cento-

re, R.; Han, X.; Linhardt, R.J.; Gross, R.A. Synthesis and Characterization of an Adipic 

Acid-Derived Epoxy Resin. J. Polym. Sci. A: Polym. Chem. 2016, DOI: 
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6.  From Aromatic to Aliphatic: Synthesis and Characterization of 

an Adipic Acid Derived Epoxy Resin  

6.1 Introduction 

The development of economically viable routes to adipic,
134

 succinic,
38

 and ma-

lonic acids
135

 from renewable feedstocks using engineered microbial production 

platforms is rapidly progressing such that their manufacturing at commodity production 

levels is moving towards reality.  However, use of these diacid platform chemicals for 

thermosets is under studied. The earliest peer reviewed report of epoxy resins from 

multifunctional diacids was by Maerker and coworkers in 1963 who observed high heat 

deflection temperatures when they were cured with stoichiometric amounts of anhydride 

crosslinker.
77

  The next academic paper on diglycidyl esters was in 2013 when Ma and 

coworkers synthesized and studied epoxy resins derived from itaconic acid.
39

  They 

reported that the corresponding epoxy resins from itaconic acid when crosslinked with 

anhydrides and divinyl benzene have excellent mechanical properties.
39

 Dai and 

coworkers demonstrated that triglycidyl citrate epoxy resins are effective reactive 

plasticizers that  improve the flexural strength, flexural elongation, and flexural modulus 

of polylactide when used in conjunction with microcrystalline cellulose.
136

 Although 

numerous patents have been filed that describing the preparation of epoxy resins from 

aliphatic acids, these patents and related literature provide little  on their viscosity or 

corresponding thermomechanical properties.
131,137–140

  

This work examines the synthesis and thermomechanical properties of an epoxy 

resin derived from adipic acid. One factor that motivated this study is the excellent 

progress in developing biobased adipic acid.
141,142

  Two pathways for the synthesis of 

diglycidyl adipate were evaluated: i) the first being by the direct, one pot reaction 

between adipic acid and epichlorohydrin based on the work by Maerker and coworkers
77
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and ii) the second by adipic acid allylation and epoxidation. Characterization of diglyc-

idyl adipate by Maerker and coworkers was limited to a melting point and physical 

appearance. Furthermore, characterization of the corresponding epoxy resins prepared 

from diglycidyl adipate and cured with o-phthalic anhydride are limited to the heat 

deflection temperature.
77

  This work examines whether diglycidyl adipate, when cured 

with a conventional diamine hardener, meet important criteria that would make it 

suitable for current epoxy resin applications such as vacuum infusion molding to prepare 

epoxy composites.  

The paper describes the relative merits of synthetic routes to diglycidyl adipate 

and its characterization by nuclear magnetic resonance, viscosity and epoxide equivalent 

weight. Diglycidyl adipate was cured with stoichiometric amounts of isophorone dia-

mine.  Studies of corresponding epoxy resin thermomechanical properties such as the 

storage modulus and glass transition temperature demonstrate they are similar to that of 

diglycidyl ether of bisphenol A.  Furthermore, the low viscosity of the diglycidyl adipate 

system is ideal for its use in vacuum infusion molding of high filler content composites 

or as a reactive diluent to lower the viscosity of more viscous systems. Furthermore, the 

results herein demonstrate that epoxidation of simple aliphatic diacids provides a versa-

tile platform for the development of new and important epoxy resin materials.   

6.2 Experimental 

6.2.1 Materials  

Adipic acid, diglycidyl ether of bisphenol A, m-chloroperoxybenzoic acid <77%, 

sodium hydroxide, epichlorohydrin, allyl alcohol, benzyl trimethylammonium chloride, 

0.1 N perchloric acid in acetic acid, acetic acid, crystal violet, and benzyl triethylammo-

nium chloride were purchased and used as received from Sigma-Aldrich. Concentrated 

hydrochloric acid and isophorone diamine were purchased and used as received from 

VWR.   
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6.2.2 Synthesis of Diglycidyl Adipate Through 1-Pot Method 

The synthesis of diglycidyl adipate using a 1-pot method was adapted from 

Maerker and coworkers.
77

 In summary, epichlorohydrin (162 g, 1.75 mol) was charged 

to a 3-neck round bottom flask equipped with magnetic stirring, heating mantle, Dean-

Stark condenser, and 2 pressure equalizing addition funnels. A disodium adipic acid salt 

was prepared from adipic acid (17 g, 0.116 mol) in a 250 mL Erlenmeyer flask with H2O 

(60 mL), benzyl trimethyl ammonium chloride (7.13 g , 0.038 mol) and NaOH (9.77 g, 

0.244). The aqueous disodium adipate salt solution was transferred to one of the addition 

funnels and 80 mL of epichlorohydrin was transferred to the other addition funnel. Then, 

the contents of the round bottom flask were brought to reflux with magnetic stirring and 

addition of the disodium adipate solution was begun. When water and epichlorohydrin 

were collected through the Dean Stark condenser, addition of epichlorohydrin from the 

2
nd

 addition funnel was begun so that the excess of epichlorohydrin in the reaction flask 

is kept constant. After addition of disodium adipate over 30 minutes the reaction was 

refluxed for an additional 20 minutes with addition of epichlorohydrin to maintain 

constant volume and then cooled to room temperature. The reaction mixture was trans-

ferred to a separatory funnel to remove water and then the organic phase was washed 

with 3 M acetic acid (200 mL, 2x), brine (200 mL, 2x), distilled deionized water (200 

mL, 2x), and then dried over magnesium sulfate. Excess reactants were then removed by 

rotary evaporation yielding a viscous light yellow liquid. The liquid was then crystal-

lized in hexanes at -20 °C giving white sticky crystals in about 50% yield. 

Recrystallization in 10% methanol/90% water gave white powdery crystals in 20-30% 

yield. 
1
H NMR (500 MHz, CDCl3): ppm δ 1.68 (t, 4H), 2.38 (t, 4H), 2.64 (dd, J = 4.89 

Hz, 2H), 2.84 (observed triplet, J = 4.16 Hz, 2H), 3.20 (m, 2H), 3.90 (dd, J = 12.23 Hz, 

2H), 4.40 (dd, J = 12.23 Hz, 2H);  
13

C NMR (600 MHz, CDCl3): ppm δ 172.8, 64.8, 

49.2, 44.5, 33.5, 24.1; Melting Point 55 °C; Epoxide Equivalent Weight: 132  

6.2.3 Synthesis of Diglycidyl Adipate by a 2-Pot Method 

Fischer Esterification: Adipic acid (50 g, 0.342 mols), allyl alcohol (300 mL), 

and concentrated HCl (1 mL) were added to a 500 mL round bottom flask equipped with 
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magnetic stirring, heating mantle, and a reflux condenser. The mixture was brought to 

reflux at 97 C with magnetic stirring and maintained under these conditions for 24 

hours. The reaction mixture was then cooled to room temperature and the majority of 

allyl alcohol was removed by rotary evaporation. Then, the reaction mixture was dis-

solved in ethyl acetate (250 mL) and the resulting solution was transferred to a 1 L 

separatory funnel. The organic phase was washed twice with 200 mL distilled deionized 

water, twice with 200 mL with sodium bicarbonate and twice with 200 mL distilled 

deionized water and then was dried over anhydrous magnesium sulfate. Excess reactants 

and solvents were removed by rotary evaporation until a colorless liquid was obtained. 

1
H NMR  (500 MHz, CDCl3) 1.61 (s, 2H), 2.28 (s, 2H), 4.50 (dd, J = 4.40 Hz, 2H), 5.16 

(observed doublet, J = 9.0 Hz, 2H), 5.21 (observed doublet, J = 17.63 Hz, 2H), 5.83 (m, 

2H).  

Epoxidation: Diallyl adipate (10 g, 0.03 mol), dichloromethane (250 mL), and m-

chloroperoxybenzoic acid (12.7 g, 0.92 mol) were added to a 1-neck 500 mL round 

bottom flask equipped with a magnetic stir bar. The reaction was protected with an 

adapter and an argon balloon and stirred for 48 hours. Excess m-chloroperoxybenzoic 

acid was quenched with saturated sodium sulfite, m-chlorobenzoic acid was removed by 

filtration, and washed with dichloromethane (50 mL). The filtrate was then transferred to 

a 1 L separatory funnel, washed exhaustively with saturated sodium biocarbonate, dried 

over magnesium sulfate, and dichloromethane was removed by rotary evaporation to 

give a crystalline solid. Characterizations of the compound gave almost identical results 

as those above for diglycidyl adipate prepared by the 1-pot method. 

6.2.4 Sample Preparation and Curing Procedure 

  Liquid diglycidyl adipate formed by melting the solid at 60 °C in a disposable 

aluminum weighing boat.  Immediately thereafter, diglycidyl adipate liquid was mixed 

with a stoichiometric amount of isophorone diamine with a metal spatula for 3 minutes 

until a homogenous clear liquid formed.  After transfer of the resin mixture to a syringe, 

it was degassed in a centrifuge for 3 minutes at 3000 rpm and 20 °C.  Thereafter, the 

degassed resin mixture was transferred to stainless steel molds equipped with PTFE 

mold release agent. The samples were immediately cured at 80 °C for 2.5 hours and 160 
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°C for 2.5 hours. A similar procedure was performed for the diglycidyl ether of bi-

sphenol A. Dimensions for the molds used for dynamic mechanical analysis were 35 mm 

x 12 mm x 3 mm. 

6.2.5 Nuclear Magnetic  

Proton and 
13

C NMR spectra of diglycidyl adipate were recorded using a Varian 

500 MHz NMR and a Bruxer 600 MHz NMR in CDCl3, respectively.  

6.2.6 Epoxide Equivalent Weight Titration 

  EEW’s of prepared resins were determined by following the ASTM D1652 

method using the perchloric acid and crystal violet as an indicator.  

6.2.7 Differential Scanning Calorimetry  

  DSC thermograms were recorded using a TA Instruments Model Q2000. The 

peak melting points (Tm) were determined during the first heating scan from ambient 

temperature to 100 °C at a rate of 10 °C/minute. The melting point is reported as the 

peak of the endotherm transition. 

6.2.8 Rheology 

  A TA Instruments AR-G2 equipped with 25 mm stainless steel parallel plates 

was used to determine the viscosity of the resins as a function of shear rate. The shear 

rate was swept from 2.5 – 1549 1/s at 25 °C and a gap of 1 mm. Viscosity is reported as 

the average of the Newtonian region. 

6.2.9 Dynamic Mechanical Analysis  

  A TA Instruments Q800 equipped with a dual cantilever clamp was utilized to 

determine the temperature dependence of the complex modulus and tan δ. Samples were 

analyzed over a temperature range of 0 to 200 °C for DGEBA and 0 to 150 °C for 

diglycidyl adipate.  
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6.2.10 Thermogravimetric Analysis 

 Thermal stability studies were performed by TGA using a TA Instruments Q50 

equipped with an alumina pan. Samples were about 10 mg each. TGA thermograms 

were recorded by heating samples from ambient conditions to 800 °C at 10 °C/minute.  

6.3 Results and Discussion 

6.3.1 Synthesis and Characterization of the Monomer 

Synthesis of the diglycidyl adipate was performed by two different routes 

(Scheme 6.2.1-1). The first was based on a one-pot method first reported by Maerker and 

coworkers.
77

 The method involved multiple operations and gave a crude yield that 

ranged from 50-60% and highly pure monomer after crystallization in 20-30% yield. 

This purified product, when heated to 60
o
C, is a low viscosity liquid that recrystallizes in 

a few minutes after being cooled to room temperature. The 
1
H NMR of the product is 

displayed in Figure 6.2.1-1a with peak assignments. The glycidyl ester proton chemical 

shifts are at 4.42, 3.91, 3.20, 2.84, and 2.64 ppm, in good agreement with the 

literature.
1,39

 Furthermore, the coupling constants of the doublet of doublets at 4.42 and 

3.91 ppm of 12.23 Hz, and the doublet of doublet at 2.64 ppm of 4.89 Hz are in good 

agreement with previous literature.
1,39

 Moreover, relative signal intensities from 
1
H 

NMR spectral integrations are within ± 5% of that expected. Titration of the epoxide 

groups result in an epoxide equivalent weight (EEW) of 132 that is within 6% error of 

the theoretical value of 129. Work by Ma and coworkers demonstrated higher yields 

with itaconic acid through a similar adapted process, but required column purification to 

remove co-products yielding a mixture of monomer and oligomeric products.
39

  The 

multiples steps in the one-pot method reported by Maerker and co-workers
77

 appears 

difficult to scale and, indeed, numerous patents and artciles from 1950 to the present 

have focused on developing better methodologies towards the synthesis of glycidyl 

esters.
131,137–140,143
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Scheme 6.2.1-1. Synthetic routes towards diglycidyl adipate. 

 

The synthesis of diglycidyl adipate by a 2-step process consisted of first allyla-

tion through esterification with allyl alcohol and then epoxidation utilizing m-

chloroperoxybenzoic acid was also explored.
59,144

 The first step was accomplished in 

almost quantitative yields (~95%) and the 2
nd

 step yielded 50-60% product. The yield of 

the epoxidation step was low relative to results reported by other workers on larger 

molecules. This is likely due to the partial water solubility of diglycidyl adipate and its 

propensity to form difficult to separate emulsions during extraction of m-chlorobenzoic 

acid.  Further, we anticipate that shorter chain diacids or multifunctional acids with 

higher water solubility than adipic acid will exhibit similar issues. Analysis by 
1
H NMR 

spectrum (see Appendix 3) of this product is similar to that in Figure 6.2.1-1 except that 

small amounts of m-chlorobenzoic acid are still present (< 5 mol%). Also, as above, 

titration of the epoxide groups results in an EEW of 134 that is within 6% error of the 

theoretical value. The product physically appears as sticky crystals that, upon cooling 

from the melt, crystallize more slowly than the high purity monomer obtained by the 

one-pot method.  The slower propensity of the monomers to crystallize due to impurities 

is beneficial to epoxy resins where low viscosity liquids are used for composite fabrica-

tion. All further work was performed with diglycidyl adipate derived from the 1-pot 

method.   
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Figure 6.2.1-1. 
1
H NMR spectrum (500 MHz, CDCl3) of diglycidyl adipate prepared by the one-pot 

reaction of with expanded spectral regions that correspond to protons of the glycidyl ester.   

Viscosities at 25 C of monomers from both synthetic routes are 25 mPa·s and 

the shear rate dependent viscosity is shown in Figure 6.2.1-2 and demonstrates Newtoni-

an behavior. Despite the speed at which diglycidyl adipate crystallizes, no crystallization 

was observed in the rheometer during testing. The viscosity at higher shear rates is 

reported and is  99% lower than that of diglycidyl ether of bisphenol A (DGEBA). The 

low viscosity of diglycidyl adipate combined with that it has two epoxy functionalities 

indicates that it has excellent potential for incorporation in epoxy resins used for vacuum 

infusion molding, high solids coatings and as a reactive diluent for epoxy resins with 

higher viscosity. Typical vacuum infusion epoxy resins have viscosities ranging from 

800-1000 mPa·s
145

 which is typically achieved through formulation of DGEBA with low 

viscosity reactive diluents such as glycidyl phenol
6
 and monofunctional glycidyl 

esters.
146
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Figure 6.2.1-2. Comparing the diglycidyl ether of bisphenol A to diglycidyl adipate viscosities. 

6.3.2 Dynamic Mechanical Analysis 

Diglycidyl adipate and DGEBA were each cured with stoichiometric amounts of 

isophorone diamine and the thermomechanical properties of these materials was com-

pared by DMA. The glassy phase storage modulus at 25 C for cured diglycidyl adipate 

and DGEBA is 2000 and 3200 MPa, respectively (Figure 6.2.2-1). The fact that the 

diglycidal adipate glassy phase modulus is 60% lower than DGEBA is surprising given 

that it lacks rigid or aromatic structures. It is similar to cardanol based systems,
2
 4-

hydroxy benzoates,
147

 and equal or better than some epoxidized fatty acid and triglycer-

ide derivatives.
70,72,148
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Figure 6.2.2-1. Storage modulus (E’) as a function of temperature, determined by DMA, of cured 

diglydicyl adipate and diglycidyl ether bisphenol A resins.  

Figure 6.2.2-2 displays Loss modulus (E”) and tan() traces determined by 

DMA. The alpha transition temperature (T) is typically reported either from peaks of 

the loss modulus or tan plots. The T is closely related to the glass transition tempera-

ture (Tg). Generally, the peak of the loss modulus is considered as a more conservative 

representation of Tg.  The E” peak for diglycidyl adipate and DGEBA occur at 77 and 

160 C, respectively. In comparison, tan() peaks for diglycidyl adipate and DGEBA 

occur at 90 and 170 C, respectively.  The value of cured diglycidyl adipate T is rela-

tively high considering that thermoplastics built from adipic acid such as poly[(butylene-

succinate)-co-adipate] (PBSA)
149

 and Nylon 6,6
150

 have Tg‘s of -36 C and 70 °C, 

respectively. The similarity of nylon 6,6 and cured diglycidyl adipate Tg values is likely 

due to that nylon 6,6 also possess crosslinks, although they are non-covalent, through 

hydrogen bonding. 
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Figure 6.2.2-2. Loss modulus (E”) (solid line) and tan() (dashed line) of cured diglydicyl adipate 

and diglycidyl ether bisphenol A resins as a function of temperature determined by DMA.  

6.3.3 Thermogravimetric Analysis (TGA) 

Figure 6.2.3-1 displays TGA thermograms of cured diglycidyl adipate and DGEBA to 

assess their thermal stability. The weight percent as a function of temperature of both 

cured diglycidyl adipate and DGEBA show similar profiles. Furthermore, they also have 

similar percent char when heated above 600 °C. Figure 2.2.3-1b is an expansion of the y-

axis region for the 90 to 100% weight loss region so that differences between the onset 

of degradation to 10% weight loss are evident. The onset of thermal degradation at 5% 

weight loss (Td5%) for cured diglycidyl adipate and DGEBA occur at 297 °C and 325 °C, 

respectively. The onset of thermal degradation at 10% weight loss (Td10%) for cured 

diglycidyl adipate and DGEBA occur at 311 °C and 333 °C respectively.  Hence, Td5% 

and Td10% values for diglycidyl adipate are 8 and 6% lower than those of DGEBA.  

Values of Td50% for cured diglycidyl adipate and DGEBA occur at 384 and 361 °C, 

respectively. Values of weight loss percentages, percent char at 800 °C and plots of the 

derivative of weight loss curves are tabulated in Appendix 3.  
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Figure 6.2.3-1. TGA thermograms of cured diglycidyl adipate and DGEBA as a function of tempera-

ture under constant N2 flow: a) y-axis from 0 to 100%, b) y-axis from 90 to 100 %.  

 

 

a 
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6.4 Conclusions 

In conclusion, this paper describes the results of diglycidyl adipate synthesis by 

two routes. The yields of both reactions are relatively low and the processes involve 

multiple manipulations. Hence, there remains a need for development of an efficient 

process to prepare diglycidyl adipate in high yields by 1 step.  The viscosity of diglyc-

idyl adipate at room temperature is 25 mPa·s., which is ≥ 99% lower than that of 

DGEBA.  When cured with stoichiometric amounts of isophorone diamine, the cured 

properties of diglycidyl adipate are surprisingly high. That is, the storage modulus at 25 

°C is 2000 MPa, 60% below that of DGEBA.  Furthermore, values of Tg determined by 

DMA from the peak of tan() is 90 
o
C, which is surprisingly high given the material 

lacks rigid building blocks such as those with phenolic moieties. Analysis of thermosta-

bility by TGA  shows that, under inert atmosphere, cured diglycidyl adipate has a similar 

thermal degradation profile as DGEBA.   

The low viscosity of the resin and the surprisingly high thermomechanical proper-

ties signify a paradigm shift for researchers exploring biobased epoxy resins and seeking 

to replace those from bisphenol A. The important role that diglycidyl esters of aliphatic 

diacids can play is evident given the challenges currently faced in developing epoxy 

resins from biomass derived aromatic building blocks with suitable purity. Indeed, 

efforts directed at developing cost-effective aromatic phenolic-based building blocks 

from biomass sources such as lignin are challenging and are high priority objectives of 

numerous scientists and engineers in academic, government and industrial laboratories.  

In contrast, it appears that development of commercial scale processes to produce 

succinic and adipic acids from biomass is advancing relatively more rapidly. Hence, 

based on diglycidyl adipate’s low viscosity, dual epoxide functionality and the thermo-

mechanical properties of the cured materials, we believe it is of significant interest for 

vacuum infusion molding, high solids coatings, and as a reactive diluent for other epoxy 

resins in those applications. 



 

Portions of this chapter previously appeared as: Maiorana, A.; Reano, A.F..; Centore, R.; 

Grimaldi, M.; Balaguer, P.; Allais, F.; Gross, R.A. Structure Property Relationships of 

Biobased n-Alkyl Bisferulate Epoxy Resins, Green Chem. 2016 DOI: 
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7. Epoxy Resins From n-Alkyl Bisferulate Esters 

7.1 Introduction 

Ferulic acid is a phenolic biobased molecule that can be produced in good yields from 

numerous non-food biomass sources such as bagasse, rice and sugar beet roots. It also 

has numerous functional handles such as a phenolic hydroxyl and a primary aliphatic 

carboxylic acid that can readily be modified. Due to a recent consortium of investments 

from public and private partnerships, ferulic acid has the potential to be produced on 

large scale with competitive costs to other biobased platform chemicals.
151

 A simple 

scalable chemo-enzymatic synthesis to bisferulate aliphatic esters has recently been 

reported (Scheme 7.3.2-1).
152,153

  This method allows the placement of different structur-

al moieties such as diols between ferulic acid molecules. This finding is increasingly 

valuable as many biobased diols are becoming available at the pilot and commercial 

scale.
154–156

 This paper describes the use of ferulic acid based bisphenols as a platform 

for the synthesis of biobased epoxy resins. 

 Thus far, thermoplastic polymers prepared from ferulic acid exhibit relatively 

low elastic modulus and glass transition temperatures.
157,158

 These thermomechanical 

properties are unsuitable for displacement of high performance polymers. However, this 

work is based on the premise that the properties of aliphatic ferulic acid based bi-

sphenols can be dramatically improved by their incorporation into an epoxy resin 

system. Furthermore, it is known that the properties of epoxy resins are dependent on the 

crosslink density and monomer rigidity.  Also, by using aliphatic ferulic acid based 

bisphenols for epoxy resin synthesis, the possibility exists that aliphatic esters along 

chains may be stable during the epoxy resin service lifetime while being sufficiently 

susceptible to chemical hydrolysis under alkaline conditions at their end-of-life to enable
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selective chemical degradation of the thermoset matrix to recover reinforcing fillers (e.g. 

glass and carbon fibers).  Only one system currently exists which uses amine base acetal 

and hemiacetal crosslinkers to enable epoxy thermoset matrix removal from the reinforc-

ing fillers. However, upon degradation of the crosslinkers, the thermoset becomes a 

thermoplastic.
159

 Garcia et al.
78

 reported a new thermoset that relies on condensation 

reactions for crosslinking but which appears to be too brittle for commercial viability.
160

 

Ma et al. utilized an epoxy resin cured with multifunctional carboxylic acids, but this 

requires first forming an emulsion since the crosslinkers are not miscible with the epoxy 

resins. Hence, their approach may be limited to coating applications.
135

 Consequently, a 

recyclable thermoset epoxy material designed for wind turbine blade recycling would 

result in a significant cost reduction based on the recovery of fillers, chemicals, and 

reduction in disposal costs. The latter is important since the size and expected volume of 

wind turbine blades would, if not recyclable, result in an enormous burden on disposal 

options such as landfills.   

To test the above hypotheses, diglycidyl ether aliphatic bisferulate esters were 

synthesized using n-alkyl diols with chain lengths of 2, 3, 4 and 6 carbons (Scheme 

7.3.2-1). Studies were then performed to determine effects of the aliphatic diol chain 

length on epoxy resin properties both before and after curing with isophorone diamine. 

To elucidate the ease in which these resins could be processed under vacuum infusion 

conditions, their activation energy of flow was determined and compared to BPA 

diglycidyl ether (DGEBA). Also, the thermomechanical properties of cured resins were 

investigated by dynamic mechanical analysis, thermogravimetric analysis, and differen-

tial scanning calorimetry. Finally, the chemical hydrolysis of cured diglycidyl ether 

aliphatic bisferulate ester epoxy resins under mild alkaline conditions was determined. 

The results reported herein demonstrate that diglycidyl aliphatic bisferulate ester epoxy 

resins are attractive drop in replacements for BPA that offer an advantageous end of life 

option.   
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7.2 Experimental 

7.2.1 Materials  

Ferulic acid, palladium on carbon, ethylene glycol, 1,3-propanediol, 1,4-butanediol, 1,6-

hexanediol, Candida antarctica lipase B immobilized on resin (Ref: L4777-10G, recom-

binant, expressed from Aspergillus niger, ≥5000 propyl laurate units g
-1

) sodium 

hydroxide, epichlorohydrin, sodium bicarbonate, acetic acid, and sodium chloride were 

purchased from Sigma-Aldrich in the highest available purity and were used as received.   

7.2.2 Purification 

Column chromatography was carried out with an automated flash chromatography 

(PuriFlash 4100, Interchim) and pre-packed INTERCHIM PF-30SI-HP (30 µm silica 

gel) columns.  

7.2.3 Spectroscopy 

FT-IR and UV analyses were performed on Cary 630 FTIR and Cary 60 UV–Vis 

spectrometers, respectively, from Agilent technologies. Proton NMR analyses were 

recorded in CDCl3 at 300 MHz, chemicals shifts were reported in parts per million 

relative to the internal standard tetramethylsilane (TMS, δ = 0.00 ppm). 
13

C NMR 

spectra of samples were recorded at 75 MHz (CDCl3 residual signal at δ = 77.16 ppm). 

7.2.4 Rheology 

Viscosities of prepared epoxy resins were determined by steady shear experiments at 25, 

30, 40, 50, and 60 °C using a TA Instruments AR-G2 rheometer having a 25 mm parallel 

plate geometry. The shear rate ranged from 1-100 s
-1

 under steady state flow with a 1000 

m gap and an equilibration time of 1 minute. The activation energy of flow was deter-

mined by first order exponential fitting of the Arrhenius equation.  

7.2.5 Dynamic Mechanical Analysis  

To determine the storage modulus (E’) and glass transition temperature (determined 

from the peak of the loss modulus E”), DMA was performed using a TA Instruments 

Q800 (New Castle, DE) in dual cantilever mode with amplitude of 10 m. Measure-
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ments were performed with a temperature scanning rate of 2 °C/min and from 0 to 50 °C 

above the glass transition temperature. All DMA tests were repeated at least four times 

to determine mean E’ and glass transition temperatures and corresponding standard 

deviation.   

7.2.6 Thermal Gravimetric Analysis  

The thermal stability of cured epoxy resins was assessed by TGA using a TA Instru-

ments Q50 equipped with an alumina pan. Samples were typically between 5 and 15 mg. 

TGA scans were performed with a heating rate of 10 °C/minute under constant N2 flow 

over a temperature range from ambient to 800 °C. 

7.2.7 Differential Scanning Calorimetry  

The reversible and non-reversible thermal properties of cured resins was analyzed by 

DSC using a TA Instruments Q2000 with Tzero aluminum pans at a scanning rate of 10 

°C/minute from -80 to 200 °C under N2 flow. Modulated DSC was performed at a 

modulation of 1 °C/minute from 25 to 200 °C. 

7.2.8 Fourier Transform Infrared Spectroscopy  

Vibrational bands of uncured and cured resins were determined by attenuated total 

reflectance with a Perkin Elmer Spectrum One using a ZnSe Flat Plate 45° horizontal 

ATR sampling module. Spectra were obtained from 450 to 4000 cm
-1

 without baseline 

correction or data manipulation.  

7.2.9 High Resolution Mass Spectrometry  

The mass spectrum of prepared epoxy resins were obtained by direct injection using a 

Thermo Electron Finnigan TSQ Quantum Ultra in electron spray ionization mode.   

7.2.10 Hydrolytic Degradation Assays 

Cured thermosets with dimensions of roughly 25 x 25 x 55 mm with weights ranging 

from 25 to 35 mg were placed into 10 mL glass vials. To each of these glass vials 8 mL 

of 10 wt% aqueous sodium hydroxide solution was added. For equilibration, the result-

ing vials were placed into a convection oven at 60 °C for 20 minutes. Incubations were 
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then continued for 1, 2, 3, 4, 8, 12, 24, 32, and 48 hours. Then, vials were removed from 

the oven, residual solids were separated by decantation, washed with distilled deionized 

water, dried by lyophilizing and then weighed to determine the percent mass loss.  Three 

samples per time point were used to determine the mean mass loss and corresponding 

standard deviation.  Initial pH was ~14 at start of the test and remained constantly basic 

throughout the whole test indicating that the excess of base was always present. 

7.2.11 Epoxide Equivalent Weight 

The prepared epoxy resins’ epoxide equivalent weight was determined following ASTM 

D1652-11 with average and standard deviation values reported from three measure-

ments. 

7.2.12 Sample Preparation 

Stochiometric curing was based on epoxide equivalent weight and amine hydrogen 

equivalent weight. The curing cycle was identical to a published method.
1
 A rectangular 

(40mm x 12mm x 2mm, length x width x thickness) mold geometry was used to prepare 

bars for dual cantilever DMA experiments. 

7.2.13 Estrogen Receptor Activity Tests 

The estrogen receptor (ERα) activity was monitored using HeLa reporter cells from a 

previously reported method described in Delfosse et al.161
 

7.2.14 Synthesis of Ethyl Ferulate.  

The procedure followed is exactly that reported previously.
152

 In summary, to a stirred 

solution of ferulic acid in ethanol (0.36 M, 500 mL), a few drops of concentrated HCl 

were added. The reaction media was refluxed for two days. After cooling to room 

temperature, ethanol was evaporated under reduced pressure. The obtained oil was 

solubilized in ethyl acetate (250 mL) and successively washed with NaHCO3 (2 x 100 

mL) and brine (50 mL). Then, the organic phase was dried over anhydrous MgSO4. 

During ethyl acetate evaporation, ethyl ferulate crystallized to give a white powder that 

was used without further purification (99%, m.p. 58 °C). 
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7.2.15  Synthesis of Ethyl (Dihydro) Ferulate 

The procedure followed is exactly that reported previously.
152

  Briefly, a solution of 

ethyl ferulate in ethyl acetate (0.3 M) was magnetically stirred under N2 (g) flow at room 

temperature. After 10 min, palladium on activated charcoal (Pd/C, 10% w/w) was added 

and the solution was stirred under N2 (g) for 10 min before switching to hydrogen 

atmosphere (10 mL/min, under atmospheric pressure). Product formation was monitored 

by 
1
H-NMR (disappearance of characteristic double bond peaks). Upon reaction comple-

tion, the solids were removed by filtration over a pad of silica/Celite
®
 and the solvent 

was evaporated under reduced pressure. Ethyl dihydroferulate crystallized during solvent 

evaporation to give a white powder that was used without further purification (99%, m.p. 

42 °C). 

7.2.16 General Procedure For Lipase-Catalyzed Synthesis of Bisphenols  

The procedure followed is exactly that reported previously.
152

 In summary, ethylene 

glycol/1,3-propanediol/1,4-butanediol/1,6-hexanediol (11.1 mmol, 1 eq) and ethyl 

dihydroferulate (33.3 mmol, 3 eq) were melted and magnetically stirred at 75 °C before 

adding immobilized CAL-B (10% by weight relative to the total weight of diol and ethyl 

dihydroferulate). The reaction mixture was kept under reduced pressure (3x10
-4

 mmHg) 

until completion (4 to 24 hours, depending on diol). Subsequently, the reaction products 

were dissolved in acetone and immobilized CAL-B was removed by filtration.  The 

solvent was then evaporated under vacuum and the crude product was purified by flash 

chromatography on silica gel (see below). Elution with cyclohexane:ethyl acetate 70:30 

was performed until unreacted ethyl dihydroferulate eluted. Thereafter, the eluent 

composition was changed to 45:55 to elute the bisphenol. The names of the bisphenols 

are abbreviated as follows: Dihydroferuloyl 1,2 Ethane Diol (EDF), Dihydroferuloyl 1,3 

Propane Diol (PDF), Dihydroferuloyl 1,4 Butane Diol  (BDF), and Dihydroferuloyl 1,6 

Hexane Diol (HDF).  

7.2.17 General procedure for synthesis of Bisferulate Epoxy Resins  

The method used was adapted from a published procedure used to prepare n-alkyl 

diphenolate epoxy resins.
1
 The aliphatic bisferulate (0.045 mol) was charged to a 500 



 

  149  

 

mL two neck round bottom flask equipped with a Claisen condenser, Teflon coated 

magnetic stir bar, pressure equalizing addition funnel, and a reflux condenser. Epichlo-

rohydrin (0.672 mol) and an equivalent volume of 2-propanol were directly added to the 

reaction flask, which was brought to reflux and magnetically stirred with heating in a 

120 
o
C external oil bath. Twenty percent w/w aqueous sodium hydroxide (0.094 mol), 

prepared by dissolution of sodium hydroxide pellets in water, was added dropwise at 1-2 

drops/second during reflux and, after complete addition of the aqueous sodium hydrox-

ide solution, the resulting solution was refluxed for thirty minutes.  The reaction was 

cooled to room temperature and transferred to a 1 L separatory funnel. Dichloromethane 

(100 mL) was then added to the separatory funnel and the resulting solution was washed 

twice with 3 M acetic acid (250 mL), three times with brine (250 mL), and three times 

with distilled deionized water (250 mL). Excess reactants, solvents, and water were 

removed by rotary evaporation and vacuum distillation (120 °C, 1 torr). Products ob-

tained were colorless to light yellow and viscous liquids in yields of 85-90%.  

Dihydroferuloyl 1,2-ethanediol Epoxy (EDF-Epoxy). 
1
H NMR (CDCl3, 500 MHz) 

ppm δ 2.63 (overlapped triplets, 4H), 2.73 (dd, J = 3.67 Hz, 2Hγb), 2.89 (observed triplet, 

J = 7.34 Hz, 2Hγa + 4H), 3.37 (m, 2Hβa), 3.85 (s, 6H), 4.0 (dd, J = 10.03 Hz, 2Hαb), 4.20 

(dd, J = 10.03 Hz, 2Hαa), 4.26 (s, 4H), 6.72 (d, 2H), 6.74 (s, 1H), 6.83 (d, 2H) 
13

C NMR 

(600MHz, CDCl3): ppm δ 172.5, 149.4, 146.3, 134, 120, 114.2, 112.1, 70.2, 62.0, 55.7, 

50.1, 44.7, 35.6, 30.3; High Resolution Mass Spectrometry:  548 (530 + NH4
+
) m/z 

Dihydroferuloyl 1,3-propanediol Epoxy (PDF-Epoxy). 
1
H NMR (CDCl3, 500 MHz) 

ppm δ 1.34 (p, 2H), 2.61, (t, 4H), 2.73 (dd, J = 4.65 Hz, 2Hγb), 2.89 (observed triplet, J = 

7.34 Hz, 2Hγa), 2.89 (overlapped triplet 4H), 3.38 (m, 2Hβa), 3.86 (s, 6H), 4.0 (dd, J = 

11.49 Hz, 2Hαb), 4.11 (t, 4H), 4.21 (dd, J = 11.49 Hz, 2Hαa), 6.72 (d, 2H), 6.74 (s, 1H), 

6.85 (d, 2H) 
13

C NMR (600MHz, CDCl3): ppm δ 172.7, 149.4, 146.3, 134.1, 120, 114.3, 

112.1, 70.3, 60.8, 55.8, 50.1, 44.7, 35.8, 30.4, 27.8; High Resolution Mass Spectrometry: 

567 (544 + Na
+
) m/z  

Dihydroferuloyl 1,4-butanediol Epoxy (BDF-Epoxy) 
1
H NMR (CDCl3, 500 MHz) 

ppm δ 1.61 (observed singlet, 4H), 2.59, (t, 4H), 2.70 (dd, J = 4.65 Hz, 2Hγb), 2.87 

(observed triplet, J = 7.83 Hz, 2Hγa), 2.87 (overlapped triplet 4H), 3.35 (m, 2Hβa), 3.83 

(s, 6H), 3.98 (dd, J = 11.49 Hz, 2Hαb), 4.05 (observed singlet, 4H), 4.20 (dd, J = 11.49 
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Hz, 2Hαa), 6.70 (d, 2H), 6.72 (s, 1H), 6.82 (d, 2H) 
13

C NMR (500MHz, CDCl3): ppm δ 

172.7, 149.4, 146.3, 134.2, 120, 114.3, 112.1, 70.3, 63.7, 55.7, 50.1, 44.7, 35.9, 30.4, 

25.1; High Resolution Mass Spectrometry:  581 (558 + Na
+
) m/z 

Dihydroferuloyl 1,6-hexanediol Epoxy (HDF-Epoxy)
 1

H NMR (CDCl3, 500 MHz) 

ppm δ 1.33 (observed singlet, 4H), 1.60, (t, 4H), 2.60 (t, 4H), 2.73 (dd, J = 4.89 Hz, 

2Hγb), 2.89 (observed triplet, J = 7.58 Hz, 2Hγa), 2.89 (overlapped triplet 4H), 3.38 (m, 

2Hβa), 3.86 (s, 6H), 4.01 (dd, J = 11.25 Hz, 2Hαb), 4.06 (t, 4H), 4.22 (dd, J = 11.49 Hz, 

2Hαa), 6.73 (d, 2H), 6.74 (s, 1H), 6.83 (d, 2H) 
13

C NMR (500MHz, CDCl3): ppm δ 

172.8, 149.4, 146.3, 134.2, 120, 114.2, 112.1, 70.3, 64.2, 55.7, 50.1, 44.7, 35.9, 30.5, 

28.3, 25.4; High Resolution Mass Spectrometry: 609 (586 + Na
+
) m/z 

7.3 Results and Discussion 

7.3.1 Endocrine Binding Affinity of n-alkyl Bisferulates 

A major concern on the development of new platform chemicals to be competitive with 

bisphenol A is the propensity of those chemicals to interact with the human endocrine 

system and how that interaction compares to current bisphenol analogs. In this work the 

estrogenic activity of the synthesized n-alkyl bisferulates were compared to two common 

epoxy resin precursors, bisphenol A (from phenol and acetone) and bisphenol S (from 

phenol and sulfuric acid). The estrogenic activity of the compounds were measured for 

activity with estrogen receptor alpha (ERα) and were benchmarked against 17β-estradiol 

(E2) as shown in Figure 7.3.1-1. 
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Figure 7.3.1-1. a) Estrogenic activity of bisphenols and synthesized n-alkyl bisferulates prior to 

glycidylation at 10
-8 

molarity and b) estrogenic activity as a function of compound concentration 

17β-estradiol demonstrates 100% activity for concentrations of < 10
-7 

molarity for 

estrogen receptor alpha while bisphenol A and bisphenol S require concentrations of 10
-7

 

or higher to have any notable activity (Figure 7.3.1-1b). At concentrations of 10
-8

 

bisphenol A and bisphenol S have activities of 60% for ERα and the n-alkyl bisferulates 

all exhibit less than 20% activity. After glycidylation the activity of bisphenol A or the 

diglycidyl ether of bisphenol A is significantly reduced implying that occupation of the 
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phenolic hydroxyl moieties inhibits estrogenic binding activity. Additionally, occupation 

of sites ortho the phenolic hydroxyl with methoxy moieties inhibits estrogenic activity in 

the bisferulate moitieties tested herein. These results indicate that if these resins were 

produced at scale the potential for adversely affecting human health is lower than current 

bisphenol platforms. 

7.3.2 Synthesis of Resins  

The synthesis of bisferulate epoxy resins with different n-alkane diol (1,2-

ethanediol/1,3-propanediol/1,4-butanediol/1,6-hexanediol) linker groups was adapted 

from a published method for the preparation of bisferulates
152

 and n-alkyl diphenolate 

epoxy resins.
1
 Bisferulate esters were reacted with an excess of epichlorohydrin in 

isopropanol catalyzed by 20 wt% sodium hydroxide.
1
 Overall, the isolated yields were 

high, typically greater than 85%. Analysis of 
1
H NMR spectra (see Appendix 4) shows 

the expected chemical shifts for protons A, B and C at 4.20, 4.00, 3.37 ppm, respective-

ly, that correspond to the formation of diglycidyl ether bisferulate epoxy resins. 

However, NMR signals were also observed at 4.42, 3.91, 3.18 ppm due to protons D, E 

and F corresponding to formation of glycidyl ester co-products that were previously 

reported during conversion of n-alkyl diphenolate esters to epoxy resins (See Appnedix 

4 and Scheme 7.3.2-2).
1
 Details of NMR characterization along with corresponding 

spectra that confirm glycidyl ester co-product formation in the Appendix 4 (SI 1). Since 

the peak intensity of the NMR resonance at 4.42 ppm due to glycidyl ester formation is 

about 10% relative to the theoretical intensity if 100% conversion to glycidyl ester was 

obtained, it follows that about 10% of the isolated product for the EDF-Epoxy resin has 

a glycidyl ester moiety. For bisfurulate epoxy resins from diols with 3, 4 and 6-carbons, 

the glycidyl ester co-product makes up about 1-5% of the corresponding epoxy resin 

(Schemes 7.3.2-1 and 7.3.2-2). Table 7.3.3-1 displays values of experimental and 

theoretical epoxide equivalent weights (EEW) where, the latter assumes 100% conver-

sion to the corresponding diglycidyl bisferulate structure as shown in Scheme 7.3.2-1. In 

all cases, experimental EEW’s are about 15% greater than corresponding theoretical 

values. We attribute this to the formation of an oligomeric product fraction by, for 

example, the ring-opening of an epoxy moiety of a diglycidyl bisferulate epoxy resin by 
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reaction with a free hydroxyl group of a mono glycidyl ferulate (see Scheme 7.3.2-2), 

which indicates that saponification reactions could be a potential pathway towards 

oligomerization. 

     Formation of an oligomer fraction with a structure shown in Scheme 2 would result in 

unique disubstituted glycerol units.  Indeed, 
1
H NMR resonances between 3.65 – 3.7 

ppm that are consistent with the expected chemical shift of methylene and methine 

hydrogens of disubstituted glycerol moieties. Similarly, Ma et al. observed 
1
H NMR 

resonances at 3.7 ppm for methylene and methine hydrogens of a disubstituted glycerol 

indicative of oligomers in the synthesis of diglycidyl itaconate.
39

 The resonances at 3.65 

– 3.7 ppm are not coupled to other proton signals in the 2D COSY spectrum (Appendix 

4) and further confirm they are the disubtituted glycerol moieties observed by Ma et al.
39

 

Oligomeric products will increase the epoxide equivalent weight of the synthesized 

resins above the theoretical value with the EDF-Epoxy exhibiting the highest propensity 

for saponification and co-product formation, while increasing the n-alkyl diol linker 

reduced the effect by 5% shown in the PDF-Epoxy resin and remains consistent for 

BDF, and HDF Epoxy resins. Finally, concentrations of each potential co-product were 

estimated and identified through high resolution mass spectrometry (Appendix 4). In the 

absence of an improved synthetic route to diglycidyl bisferulate epoxy resins it would be 

impractical to consider removal of co-products. The relatively high deviance of experi-

mental and theoretically determined EEW values combined with NMR results suggest 

that oligomerization does occur to a higher extent in these epoxy resins than resins 

derived from alkyl diphenolates.
1
 The oligomerization is slightly more pronounced in the 

EDF-Epoxy system by 5% implying that the aliphatic ester of 1,2-ethanediol based 

bisferulate more readily undergoes hydrolysis. Consequently, the measured EDF-Epoxy 

EEW is 20% higher than the corresponding theoretical EEW as shown in Table 7.3.3-1. 

The products formed by the reaction of bisferulate esters with epichlorohydrin by the 

procedure described herein was used directly without purification.   
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Scheme 7.3.2-1. Synthesis of aliphatic bisferulate epoxy resins 
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Scheme 7.3.2-2. Co-products of glycidylation reaction 

7.3.3 Steady Shear Rheology: Temperature Dependence of Uncured 

Epoxy Resin Viscosity 

An understanding of the viscosity of epoxy resins is critical to determine if they could be 

processed with existing thermoset molding technologies. Hence, the viscosity as a 

function of temperature and bisferulate epoxy resin n-alkane diol linker chain length was 

assessed by rotational rheology (Figure 7.3.3-1a). The viscosities of the synthesized 

epoxy resins at 25 °C varied as follows:  BDF < PDF < EDF < HDF.  Hence, the viscosi-

ty of HDF deviates from the trend that viscosity decreases with increasing n-alkane diol 

chain length.  These resins are Newtonian fluids for shear rates from 1-100 s
-1

. They are 

more viscous than highly pure DGEBA but are similar in viscosity to EPON 828 resin 

that consists of DGEBA and oligomers thereof. Likewise, we attribute the presence of 

small quantities of oligomers to the higher viscosity of bisferulate epoxy resins.  Plots 

were constructed of the natural log of the Newtonian viscosity as a function of 1000/T 

and the data for each bisferulate epoxy resin was fitted to the Arrhenius model for fluids 

(Figure 7.3.3-1b). Equation 1 is the Arrhenius model for flow where ɳ is the viscosity, ɳo 

is a coefficient, EA is the activation energy for flow, R is the universal gas constant, and 

T is the temperature in kelvin. Table 7.3.3-1 lists values of experimentally determined 

activation energies from slopes (EA/R) of plots in Figure 7.3.3-1, viscosity at room 
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temperature and both experimentally determine and theoretical (calculated from Equa-

tion 1) epoxide equivalent weight (EEW).   

 

ɳ = ɳ
𝑜

𝑒
𝐾𝑎

𝑅𝑇⁄     (1) 

 

Figure 7.3.3-1. a) Viscosity as a function of shear rate at 25 °C and b) first order exponential fitting 

of temperature dependent viscosity  

a 

b 
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The prepared resins, when benchmarked against DGEBA, exhibit very similar 

activation energies of flow (EA) (Table 7.3.3-1). The highest and lowest diepoxy bisferu-

late EA flow values was for EDF-Epoxy (96 kJ/mol) and BDF-Epoxy (83 kJ/mol), 

respectively. The DGEBA EA is most similar to that of BDF, PDF, and HDF-Epoxy 

resins. The small difference in EA flow values (≤ 13%) of epoxy resins in Table 7.3.3-

11demonstrates that the resin viscosities have similar temperature dependence. Further-

more, EA flow values could assist in predicting how the resins may be processed at 

elevated temperatures to reduce viscosity for composite applications.  

Table 7.3.3-1. Theoretical and measured epoxide equivalent weight, viscosity, and activation energy 

of flow 

Resin Theoretical 

EEW 

Measured 

EEWa 

% In-

creasec 

Viscosity 

(Pa.s)d 

EA Flow 

(kJ/mol) 

DGEBA 175b -- -- 4 86 

EDF-Epoxy 150 265 20 12 96 

PDF-Epoxy 272 313 15 11 88 

BDF-Epoxy 279 321 15 9.4 83 

HDF-Epoxy 293 335 14 12 89 

a
Values are reported as the average of triplicate samples, standard deviations are approximately ± 5  

b
 Derived from the vendor certificate of analysis 

c
Percent deviation from theoretical EEW  

d
Measured at 25 

o
C 

7.3.4 Modulated Differential Scanning Calorimetry of Cured Resins 

The resins’ degree of cure was determined through modulated differential scanning 

calorimetry (m-DSC). Modulated DSC enables determination of non-reversible exo-

thermal transitions as a result of residual curing.  Modulated DSC thermograms for all 

the bisferulate Epoxy resins do not exhibit transitions that would correspond to further 

curing reactions (SI 2). These results indicate that the degree of thermoset polymer cure 

is high and that further curing reactions that might occur due to remaining oxirane 
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moieties are low since they were below the detection limit of modulated DSC experi-

ments.    

7.3.5 Dynamic Mechanical Analysis of Cured Resins 

Dynamic mechanical analysis (DMA) of cured resins was performed to provide 

information on relationships between the resin molecular structure, glassy phase modu-

lus, rubbery phase modulus and the glass transition temperature (by relating to Tα). 

Furthermore, the thermomechanical properties of cured bisferulate epoxy resins were 

compared to DGEBA cured under identical conditions. The glassy phase modulus of 

cured bisferulate resins ranged from 2300-3500 MPa. Since the glassy modulus of cured 

DGEBA is 2640 MPa, it falls within this range of these values. Figure 7.3.5-1 illustrates 

that the glassy modulus of cured bisferulate resins regularly decreases with increased n-

alkyl diol chain length.  Furthermore, EDF-Epoxy has the highest glassy phase modulus 

(3400 MPa) and increasing the diol length by one methylene group causes an 8-9% 

decrease in the glassy modulus resulting in a linear relationship (slope = -278 MPa/CH2, 

R
2
 = 0.999).  Hence, variation of the n-alkane diol linker provides a simple but powerful 

approach to ‘fine tune’ the corresponding epoxy resin glassy modulus. Since the CH2-

CH2-(C=O)-O atoms from the ferulate moiety are part of the spacer between the two 

phenolic moieties, variation of the n-alkane diol from 2 to 6 carbons results in a total 

variation of the spacer length from 10 to 14 atoms. Hence, within this spacer length, the 

glassy modulus of the corresponding cured bisferulate epoxy resin is equal or superior to 

the glassy modulus of cured DGEBA epoxy resin. Furthermore, the observed spacer 

length effects are conserved even though the synthesized bisferulate epoxy resins contain 

low level co-products discussed above. Hence, based on the above and published 

work,
97,98,100,105

 we hypothesize that the glassy phase modulus of epoxy resins is primari-

ly governed by the amount of rigid planar structures and, to a lesser extent, crosslink 

density and non-covalent bonding. Dilution of crosslink density has previously been 

shown to not dramatically effect glassy phase modulus.
105,162
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Figure 7.3.5-1. The glassy phase modulus of cured bisferulate epoxy resins as a function of diol 

length fitted with a linear function.  

 Conversely, alpha transition temperatures of cured bisferulate epoxy resins are 

dramatically influenced by their molecular structure, which has a minimum of 10 atoms 

between the two phenolic moieties.  Overall, the width at half height of the tan(δ) curves 

in Figure 7.3.5-2a that correspond to the cured bisferulate epoxy resins are alike in value 

indicating that the distribution of molecular weights between crosslink points are also 

similar. However, the height of tan(δ) curves corresponding to the cured bisferulate 

epoxy resins are significantly higher than DGEBA. Publications discussing the physical 

meaning of tan(δ) curve height expound that higher tan(δ) peaks correlate with increased 

fracture toughess.
94,108

 Overall, the bisferulate resins have tan(δ) peaks that are 30-40% 

higher than DGEBA. The EDF-Epoxy has the highest tan(δ) which is similar to PDF-

Epoxy while BDF-Epoxy and HDF-Epoxy are similar to each other in height. The tan(δ) 

peak and loss modulus curves are typically reported as the glass transition temperature 

and both values are shown in Figure 7.3.5-2b. The difference between the loss modulus 
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and tan(δ) peaks is larger for the series of bisferulate epoxy resins than for DGEBA 

indicating that the former has relatively broader glassy to rubbery phase transition. The 

tan(δ) peak of DGEBA occurs at 170 °C, which is 120 to 104 C above that of the cured 

bisferulate epoxy resins. This large difference in tan(δ) peaks is attributed to the differ-

ence in spacer length between phenolic moieties for these two epoxy resin systems. That 

is, for DGEBA, the spacer length is one atom which is much smaller than 10-14 atoms 

for cured bisferulate epoxy resins. Furthermore, temperature at which bisferulate epoxy 

resin tan(δ) peaks occur increase regularly from 50 to 66 
o
C (24% increase) as the total 

distance between ferulate moieties decreases from 14-to-10. The ability to modulate the 

glass transition temperature by variation of the n-alkyl diol linker chain length is a 

valuable design feature of bisferulate epoxy resins. This characteristic was also built in 

as a design feature for cured n-alkyl ester diglycidyl diphenolate (DGEDP-ester) epoxy 

resins where, systematic variation in the glass transition of the corresponding cured 

resins was achieved by varying the n-alkyl ester side chain that functions as an internal 

plasticizer. Indeed, variation in the n-alkyl ester from methyl to n-pentyl resulted in a 

linear decrease in the tan(δ) derived glass transition temperature from 158 to 86 
o
C, 

respectively.
1
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Figure 7.3.5-2. a) Tan(δ) curves of bisferulate epoxy resins and DGEBA and b) glass transition 

temperatures determined from loss modulus and tan(δ) values.   

7.3.6 Thermogravimetric Analysis 

 The thermal stability of cured diepoxy bisferulate resins was determined through 

thermal gravimetric analysis (TGA) under constant N2 flow and onsets of degradation 

changed as a function of the α,ω-diol length. The onset of degradation was determined 

a 

b 
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through 5% weight loss (Td5%) and the onset of degradation weight loss curves are 

displayed in Figure 7.3.6-1a. Decreasing the length of the diol shifted the onset of 

degradation to lower temperatures; specifically, changing the diol from 6 to 2 carbons 

moved the Td5% from 331 to 300 °C, an overall 9% decrease. When compared to 

DGEBA, the onset of degradation of BDF or HDF-Epoxy is similar or marginally 

higher.  

 

Figure 7.3.6-1. Thermogravimetric analysis (TGA) for cured bisferulate epoxy resins: a) weight loss 

as a function of temperature and b) the derivative of TGA weight loss curves.  

a 

b 



 

  163  

 

The derivative weight loss curves for cured bisferulate epoxy resins are displayed in 

Figure 7.3.6-1b. For HDF and BDF-Epoxy resins, there are three distinct peaks indicat-

ing that thermal decomposition occurs in three distinct steps. For cured HDF-Epoxy, the 

peaks occur at 348, 376, 431 °C whereas the three peaks are at similar temperatures for 

BDF-Epoxy.  However, as the diol length is decreased, two peaks are observed in the 

derivative weight loss curves.  For cured EDF-Epoxy, these peaks are at 326 and 392 °C 

whereas they occur at similar temperatures for PDF-Epoxy. Hence, as the diol length is 

decreased, degradation of the thermosets proceeds in two distinct steps. For all four 

bisferulate epoxy resins, the overall degradation process occurs over a wider range of 

temperatures relative to cured DGEBA. Indeed, the weight percent derivative peak for 

DGEBA is sharp due to the narrow range of temperatures that thermal degradation 

occurs. Furthermore, the bulk of DGEBA degradation occurs at the lower temperature 

range of the broader degradation process of bisferulate resins. 

7.3.7 Chemical Recycling of Cured Thermosets 

In the design of the bisferulate epoxy resins studied herein, two aliphatic hydro-

lysable ester groups are built into each repeat unit. Hence, the potential that these resins 

can be recycled by chemical hydrolysis was assessed. Chemical recycling would provide 

an attractive end-of-life option, especially for very large epoxy-based composites such as 

wind-turbine blades. This would enable recovery of resin building blocks as well as fiber 

matrices for reuse. To minimize energy utilization during the recycling process, hydroly-

sis studies were conducted at 60 °C under alkaline conditions. Figure 7.3.7-1 displays 

plots of weight loss as a function of incubation time for all four cured bisferulate epoxy 

resin and DGEBA as a control. Since the plots for each bisferulate epoxy resin appear 

linear, they were analyzed by linear regression and gave correlation coefficients that are 

listed in Table 2.  

 

Extrapolation of the linear functions was used to determine incubation times re-

quired for complete conversion to water-soluble products. These times were also verified 

by visual inspection showing when particles or pieces were no longer visible in vials. 

However, upon inspection after incubation for a desired time point, two phase-separated 
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liquid fractions were observed in vials for the bisferulate resins. Though, upon gentle 

shaking, the phases become miscible and a stable one phase system is observed. The 

relative order of bisferulate hydrolysis, from fastest to slowest, is EDF > PDF > BDF > 

HDF whereas DGEBA did not lose weight under the hydrolysis conditions studied 

herein. Extrapolated times to complete hydrolysis were as follows: 5, 15, 41 and 65 h, 

respectively.  The trend in weight loss of cured bisferulate epoxy resin is explained by 

that, as the n-alkane diol length increases, the resin is more hydrophobic (contact angles 

shown in Table 7.3.7-1) and, consequently, less susceptible to hydrolysis. Additionally, 

consistent with a surface hydrolysis mechanism
163

, the original shape of the cured epoxy 

resins is conserved throughout the hydrolysis while the object’s size regularly decreases. 

Characteristically, when hydrolysis occurs by bulk erosion,
164

 no weight loss is observed 

for the incubation time period required to reduce the molecular weight of chains to a 

value where water soluble degradation products are formed. The plots of weight loss in 

Figure 7.3.7-1 do not show this ‘apparent’ induction period but, instead, weight loss 

begins immediately and occurs at a rate that is constant to at least 80% weight loss.  

Based on the above observations it appears that hydrolysis of the bisferulate epoxy resins 

occurs by a surface eroding mechanism based on linear mass loss profiles and conserva-

tion of original rectangular shapes.
163

 Further work is planned to elucidate the 

degradation properties of these resins by: i) study of degradation products formed, ii) 

determine whether hydrolysis can be catalyzed by enzymes of the lipase and cutinase 

famiies, iii) expand the degradation conditions used (e.g. temperature and base concen-

tration) and iv) assess whether bisferulate epoxy resins are degraded under industrial 

composting conditions.  
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Figure 7.3.7-1. Analyses of cured thermoset weight loss as a function of incubation time at 60 
o
C 

under alkaline conditions.  
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Table 7.3.7-1. Characterization of weight loss plots in Figure 7.3.7-1 and contact angle prior to 

hydrolysis analyses. 

Resin Type Weight 

loss/hour 

 

(mg·h-1) 

least squares 

fitting value for 

weight loss plots 

(R2) 

Time to 

Complete 

Water 

Solubility 

(hours) 

Contact Anglea 

 

DGEBA -- -- -- 104 ± 3 

EDF-Epoxy -0.2039 0.997 5  74 ± 2 

PDF-Epoxy -0.0692 0.998 15  77 ± 2 

BDF-Epoxy -0.0245 0.998 41  83 ± 2 

DF-Epoxy -0.0155 0.988 65  85 ± 3 

a) Contact angle from Figure 7.3.8-1 

7.3.8 Contact Angle and Thermogravimetric Analysis of Degraded 

Polymers 

It’s surprising that the addition or deletion of a single methylene unit in the diol 

linker has such a large effect on the hydrolytic degradation rate of cured bisferulate 

epoxy resins given that a methylene represents a small fraction of the overall spacer 

length (10-14 atoms) between the phenolic moieties. To gain further insight on how 

surface hydrophobicity varies as a function of the diol linker chain length, contact angle 

measurements were recorded and the values are listed in Table 7.3.7-1. Changing the 

diol linker length from 2 to 6 carbons, which correspond to a change in the spacer length 

between phenolic moieties of 10-14 atoms results in an increase in the contact angle 

from 74 ± 2 to 85 ± 3. Thus, these small changes in bisferulate epoxy resin structure are 

manifested in large changes in surface hydrophilicity.  Further, increase in surface 

hydrophilicity by decreasing the length of the diol spacer is consistent with a corre-

sponding increase in the susceptibility of that surface to hydrolysis.   
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Figure 7.3.8-1. Contact angle measurements of the cured resins benchmarked against DGEBA 

 If the mechanism of degradation for the bisferulate epoxy resins studied herein is 

indeed surface erosion, it would follow that, under ideal conditions, the bulk structure of 

the resin would not change (i.e. no hydrolysis of ester groups).  For thermoplastic 

polymers this is normally determined by measuring the molecular weight as a function 

of time and for surface eroding polymers the mass loss of the polymer would be nearly 

linear as shown in Figure 7.3.7-1.
165,164

 However, since the materials studied herein are 

thermosets, measurement of molecular weight is not possible.  Instead, TGA was used to 

analyze recovered EDF-Epoxy resins after 1, 2, 3, and 4 hours of alkali treatment (Figure 

7.3.8-2). Residual EDF-Epoxy resin from this range of incubation times allows compari-

son of samples, which represent from about 20 to 80% weight loss (Figure 7.3.8-2).  The 

rational for this analysis is that, hydrolysis in the bulk of epoxy resins would result in 

formation of carboxylic acid groups that would cause a significant decrease in material 

thermal stability. For example, decarboxylation of alkyl carboxylic acids was reported to 

occur at 200 °C.
166

 Figure 7.3.8-2a shows TGA thermograms whereas Figure 7.3.8-2b 

shows expansions of the TGA thermogram region between 85 and 100% weight loss.  A 

small, but significant decrease in the onset of degradation for the 1 h sample is observed 

at Td5%. That is, Td5% for the control EDF-Epoxy is 300 °C whereas, the Td5% drops to 

283 °C at 1 h, a 5.6% decrease.  Incubations for 2, 3, and 4 h resulted in Td5% changes 
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that are less than 3% when compared to the 1 h sample. Furthermore, no significant 

trends in Td5% values as a function of incubation time were observed. Consequently, 

structural changes due to hydrolysis reactions to 4 h or 80% wt-loss are small and 

consistent with the proposed surface erosion mechanism. In contrast, polylactide, a bulk 

eroding polymer, undergoes significant decreases in thermal stability as PLA weight loss 

progresses.
167
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Figure 7.3.8-2. Thermogravimetric analysis (TGA) of recovered EDF-epoxy resin after incubations 

under alkaline conditions at 60 
o
C: a) full TGA thermograms for weight loss as a function of 

temperature and b) expansion of the 85-100% weight loss region of TGA thermograms shown in 6a.  

a 

b 
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7.4 Conclusions 

 This paper describes the synthesis and characterization of potentially 100% 

biobased diglycidyl ether bisferulate esters using n-alkane diols with chain lengths of 2, 

3, 4 and 6-carbons. The synthesis of the biobased resins is yields high amounts of 

products and is an industrially viable synthesis, but does result in the formation of 

numerous co-products such as glycidyl esters and oligomers due to significant in-situ 

hydrolysis of the starting materials.  Altering the n-alkane diol linker was found to 

provide a simple but powerful approach to ‘fine tune’ epoxy resin properties.  For 

example, the 2-carbon spacer has a glassy modulus of 3400 MPa and, increases in the 

diol length by one methylene group cause regular 8-9% decreases in the glassy modulus. 

Consequently, the relationship between the glassy modulus and the n-alkane diol spacer 

length is linear (R
2
 = 0.999).  Tan(δ) peaks regularly decrease from 66 to 50 

o
C as the 

diol spacer length was increased from 2 to 6-carbons. Furthermore, increasing the diol 

length from 2 to 6-carbons provides a means to increase in the onset of degradation at 

5% weight loss from 300 to 331 
o
C.  Moreover, the susceptibility to hydrolysis of 

diglycidyl ether bisferulate esters was decreased such that, the time required for com-

plete conversion of the epoxy resins to water soluble products was 5, 15, 41 and 65 h for 

spacer lengths of 2, 3, 4 and 6-carbons. Surprisingly, plots of weight loss as a function of 

incubation time for all four bisferulate epoxy resins are linear. This result in combination 

with studies of residual epoxy resin by thermogravimetric analysis led us to hypothesize 

that hydrolysis occurs by a surface erosion mechanism.     

     While the length of the n-alkyl spacer does influence the glassy modulus, even the 

longest spacer (1,6-hexanediol), which has the lowest glassy modulus, has a glassy 

modulus that is competitive with DEGBA. Also, while no trend was observed for the 

dependence of viscosity on the spacer length of the corresponding diglycidyl ether 

bisferulate esters, rheological studies established that viscosity of these resins have 

similar temperature dependence to DGEBA. Therefore, we believe that the bisferulate 

ester epoxy resins can be processed in a similar manner to that of conventional BPA 

based resins. Also, the onset of degradation of cured bisferulate epoxy resins is similarly 

or slightly higher than DGEBA. Moreover, although the glass transition temperatures of 
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the bisferulate epoxy resins prepared herein are much lower than that of DGEBA, using 

more rigid linkers to connect ferulate moieties can increase the glass transition tempera-

ture.  Finally, the bisferulate esters with spacers from C2-to-C6 do not bind to the 

endocrine system the precursor materials do not bind to the endocrine system and could 

allow for safe transport and production of these bisferulates and their application into 

thermoset materials. 
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8. Conclusions 

Throughout this work we have investigated a wide range of biobased epoxy resin 

structures and quantified their structures to the properties of the neat resins and of the 

cured polymers with isophorone diamine as the crosslinker. From this work we can draw 

several conclusions of significant importance that are directly related to replacement of 

the diglycidyl ether of bisphenol A. 

8.1 Monomer Structure Effects Glass Transition Temperature  

The first conclusion is that side groups of the main polymer chains between cross-

link’s will lower the glass transition temperature of the polymer significantly. The glass 

transition temperature is defined primarily in this work as the peak of the loss modulus 

obtained from dynamic mechanical analysis. This was observed in Chapter 1 with n-

alkyl diphenolate resins when the increasing n-alkyl moiety lowers the glass transition 

temperature of the final polymer significantly. This effect is attributed to the n-alkyl side 

chain acting as a plasticizer allowing for main chain polymer movement at lower tem-

peratures. The second conclusion that can be derived is from Chapters 2, 3, and 7 which 

focused on the properties of cashew nutshell liquid (Chapters 2 and 3) and n-alkyl 

bisferulate resins (Chapter 7). In each case a spacer of methylene carbons of significant 

length were introduced between the planar aromatic rings, which lead to large decreases 

in the glass transition temperature, significantly lower than the n-alkyl side chains from 

chapter 1. The glass transition temperatures of the resins with methylene spacers be-

tween the aromatic rings are attributed to being low due to the high amount of mobility 

between the aromatic moieties and to an extent a decrease in crosslink density due to the 

higher epoxide equivalent weights when compared to the diphenolate resins. The effects 

of glass transition temperature as a function of crosslink density are characterized in 

depth in chapter 5 with small decreases in crosslink density having large effects on the 

glass transition temperature. These results demonstrate ways to manipulate the glass 

transition temperature, which are especially important for establishing working tempera-

tures for applications of materials. 
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8.2 Monomer Structure Effects on Glassy Phase Modulus 

The second conclusion that can be drawn from this work is the effect of the mon-

omer structure and network properties on the glassy phase modulus of the polymer. The 

glassy phase modulus as defined in this work is from the storage modulus at 25 C 

and/or the Young’s modulus at 25 C. The generally accepted concept is that rigid 

structures such as aromatic or fused rings will generate high modulus materials, howev-

er, this misconception has caused a lack of research for other structural motifs. The 

glassy phase modulus for most epoxy resins is between 2-4 GPa and herein the results 

are also within that range, but differences are observed in Chapters 2, 6, and 7. Chapter 2 

demonstrated that a lower modulus epoxy resin when cured with a higher modulus 

epoxy resin does result in a linear decrease in the glassy phase modulus of the overall 

polymer primarily due to the flexible nature of the cashew nutshell liquid derived resin. 

Chapter 6 utilized an adipic acid based epoxy resin that in theory possesses no rigid 

structures, but due to high crosslink density a glassy phase modulus of 2 GPa was 

observed and is similar to cashew nutshell liquid derived resins in chapter 2, 3, and 

longer aliphatic bisferulate resins in chapter 7. Additionally, when enough distance 

between aromatic rings is introduced with aliphatic moieties the glassy phase modulus 

also decreases to values similar to that of diglycidyl adipate and cashew nutshell liquid 

derived resin. This implies that chemicals feedstocks with high aromatic or rigid ring 

content are not necessarily required for producing epoxy resins with competitive proper-

ties to those based on aromatic structures. 

8.3 Improving Fracture Toughness 

The third conclusion that can be reached from this work from chapters 2 and 3 are 

that molecular structure can play a very important role in improving the fracture tough-

ness of epoxy resin. Chapter 2 demonstrated that introduction of flexible polymer 

backbones with sufficient freedom of rotation such as chains of methylene carbons with 

highly rigid structures can dramtically improve the fracture toughness. However, if the 

flexible segments become dominant in the overall material and the elastic phase modulus 

decreases significantly then losses in fracture toughness are also observed. The effects of 
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reducing the glassy phase modulus can additionally be mitigated as demonstrated in 

chapter 3 with the introduction of high modulus nanofillers such as reduced graphene 

oxide. Increasing the elastic modulus of the material with nanofillers can counteract 

reductions of backbone flexibility and in turn significantly increase the fracture tough-

ness of the material. Thus, two distinctly different methods have been explored to 

increase the fracture toughness of biobased epoxy resins and with existing literature on 

nanofilled systems and phase separated systems they could in theory be combined to 

produce extremely tough polymers. 

8.4 End of Life Pathway for Epoxy Thermosets 

The fourth conclusion that can be drawn from this thesis specifically from chapters 

6 and 7 are that epoxy resins with esters in the main polymer chain can be susceptible to 

alkaline hydrolysis and presents a pathway selectively degrade thermosets that were 

once thought to only be degradable through mechanical or high temperature methods. 

While chapter six does not directly present experiments where the materials were 

degraded the synthesis of the monomers was relatively challenging due to a potential 

hydrolysis of formed monomers during the reaction under alkaline conditions, which is 

why the 2
nd

 pathway was explored to producer higher yields of the diglycidyl adipate. 

Chapter 7 does present experimental evidence for the n-alkyl bisferulate epoxy resin 

degradation under alkaline conditions. It was evident that the molecular structure has a 

direct influence on the resin’s susceptibility to saponification. Specifically, the n-alkyl 

diol length had a significant effect on the saponification potential of the cured resins. 

Specifically, 1,2-ethane diol/ferulate based resins degraded significantly faster than 1,6-

hexane diol/ferulate counterparts. These alkaline degradable resins present a material 

that could specifically be used for glass fillers as the saponification of the thermoset also 

doubles as a potential method to clean the glass filler and reutilize for additional compo-

sites.  

8.5 Future Trends for Biobased Epoxy Resins 

Finally, at the conclusion of this thesis the future trend that is apparent both in ac-

ademia and industry is the design of epoxy resins to meet specific niche demands in 



 

  180  

 

composite, adhesive, or coating applications. This means that fundamental understand-

ing of epoxy resin structure-property relationships is essential to develop formulations. 

The following trends are readily achieved through formulation with different resins, 

fillers, and/or variation of the crosslinker. 

8.5.1 Control of Viscosity 

Controlling epoxy resin viscosity is essential for all epoxy resin applications with 

high viscosity being specifically required for adhesives and low viscosity being required 

for composites and coatings. On the high viscosity resin development this has primarily 

been achieved through controlling oligomeric content and addition of fillers, however 

addition of fillers can introduce diffusion limited curing of the epoxy resin matrix and 

can be detrimental to fast cure times as such a pure epoxy resin that has a very high 

inherent viscosity and glass transition temperature when cured would be extremely 

valuable. On the other end of viscosity the lowering of viscosity is primarily achieved 

through monofunctional reactive diluents or small molecules, but these formulations 

typically lower the glass transition temperature of the final material significantly. The 

development of a low viscosity and high glass transition temperature reactive diluent or 

epoxy resin would also be extremely valuable. 

8.5.2 Processing and Real World Application 

While development of new biobased epoxy resins is a rapidly growing field of 

study being able to process these resins under traditional epoxy resin manufacutring 

techniques for composites, adhesives, and coatings is essential for the new materials to 

find real world application, commercialization, and adoption by epoxy resin users. As 

such developing an understanding if new biobased epoxy resins can be processed for 

specific applications is extremely important find real world applications. Therefore more 

detailed experimentation for rates of crystallization, identifying super cooled liquids, and 

understanding the viscoelastic behavior of new resins through rheology are essential in 

furthering the knowledge of epoxy resin chemistry. 
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8.5.3 End of Life 

As epoxy resins and thermoset polymers in general are used more frequently the 

consideration of what to do with the materials after they have reached the end of life will 

be a significant problem for future generations. Development of epoxy resins that can be 

processed under current techniques with similar properties to what are commercially 

available form sustainable feedstocks is already underway, but taking into consideration 

the end of life of these resins is a new aspect. Additionally, since epoxy resins are 

typically used in conjunction with fillers such as glass or carbon fiber the recovery of 

these expensive continuous fillers intact could also lower investments into composite 

materials and has implications from automotive and transportation to wind energy. 

 

In closing I think this thesis has demonstrated many facets of understanding fundamental 

epoxy resin polymer science. These types of polymers are remarkably old with early 

patent going back to the 1950s and based on my experience there are still so many 

questions left to be answered. The future is bright for these polymers. 
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Appendix 1 

1
H NMR of Diphenolate Esters  

 
1
H NMR of methyl diphenolate in DMSO-d6  

 
1
H NMR (500 MHz, DMSO-d6) of ethyl diphenolate  
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1
H NMR (500 MHz, DMSO-d6) of butyl diphenolate 

 
1
H NMR (500 MHz, DMSO-d6) of pentyl diphenolate 
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1
H NMR of Diglycidyl Ethers of Diphenolate Alkyl Esters 

 
1
H NMR (500 MHz, CDCl3) of diglycidyl ether of diphenolate methyl ester  

 
1
H NMR (500 MHz, CDCl3) of diglycidyl ether of Diphenolate ethyl ester 
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1
H NMR (500 MHz, CDCl3) of diglycidyl ether of diphenolate butyl ester 

 
1
H NMR (500 MHz, CDCl3) of diglycidyl ether of diphenolate butyl ester 
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13
C NMR of Diglycidyl Ethers of Diphenolate Alkyl Esters 

 
13

C NMR (500 MHz, CDCl3) of diglycidyl ether of diphenolate methyl ester and diglyc-

idyl ether of diphenolate glycidyl ester 

 
13

C NMR (500 MHz, CDCl3) of diglycidyl ether of diphenolate ethyl ester 
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13

C NMR (500 MHz, CDCl3) of diglycidyl ether of diphenolate butyl ester 

 
13

C NMR (500 MHz, CDCl3) of diglycidyl ether of diphenolate pentyl ester 
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1
H-

1
H COSY NMR 

 
1
H-

1
H COSY NMR (500 MHz, CDCl3) of diglycidyl ether of diphenolate methyl ester 

with non-glycidyl proton coupling assignments shown 



 

  202  

 

 
1
H-

1
H  COSY NMR of diglycidyl ether of diphenolate methyl ester with glycidyl proton 

coupling assignments shown including the DGEDP-glycidyl ester 

Peaks observed at 2.75, 2.89, 3.34, 3.94 and 4.19 ppm were assigned to glycidyl ether 

protons Hγb, Hγa, Hβa, Hαb, and Hαa, respectively. Peaks at 7.10 and 6.83 ppm correspond 

to aromatic protons. The peak at 3.62 ppm is assigned to the methyl ester. Peaks at 2.10 

and 2.40 ppm correspond to aliphatic protons alpha and beta to the carbonyl of the ester, 

respectively, while the methyl proton beta to phenyl rings is at 1.57 ppm.  Assignments 

of protons for the glycidyl ether segment of DGEDP-methyl ester were confirmed by 

observing coupling between neighboring protons from a 
1
H-

1
H COSY NMR spectrum. 

Glycidyl ether methylene protons alpha to the ether at 3.94 and 4.19 ppm (Hαa and Hαb) 

were coupled to each other and Hβa at 3.34 ppm. The glycidyl ether proton beta to the 

ether at 3.34 ppm (Hβa) is coupled to Hαb at 3.84 ppm and Hᵧa 2.89 ppm and Hᵧb 2.75 

ppm. The glycidyl ether methylene protons gamma to the glycidyl ether at 2.89 and 2.75 

ppm were also coupled to each other. 
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HMQC NMR of Diglycidyl Ethers of Diphenolate Methyl Ester 

 
1
H-

13
C HMQC NMR of diglycidyl ether of diphenolate methyl ester with 

1
H - 

13
C 

connectivity shown 
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1
H-

13
C HMQC NMR of diglycidyl ether of diphenolate methyl ester with 

1
H - 

13
C 

enlarged to show the differences in glycidyl ethers (DGEDP-methyl ester) and esters 

(DGEDP-glycidyl ester). 
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High Resolution Mass Spectrometry of Prepared Resins 

 

High resolution mass spectrum of diglycidyl ether of diphenolate methyl ester with 

assignments of the main product (DGEDP-methyl ester), co-product (DGEDP-glycidyl 

ester), and dimers (all m/z + NH4
+
) 
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High resolution mass spectrum of diglycidyl ether of diphenolate ethyl ester with 

assignments of the main product (DGEDP-ethyl ester), co-product (DGEDP-glycidyl 

ester), and dimers (all m/z + NH4
+
) 

 

High resolution mass spectrum of diglycidyl ether of diphenolate butyl ester with 

assignments of the main product (DGEDP-butyl ester) and dimers (all m/z + NH4
+
) 
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High resolution mass spectrum of diglycidyl ether of diphenolate methyl ester with 

assignments of the main product (DGEDP-pentyl ester) and dimers (all m/z + NH4
+
) 

FTIR of Uncured and Cured Diglycidyl Ethers of Diphenolate 

Alkyl Esters (% Transmittance vs cm
-1

) 

Top – Uncured ; Bottom – Cured  
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FTIR-ATR of neat DGEBA (uncured) and DGEBA cured with isophorone diamine with 

910 cm
—1

 corresponding to oxirane C-O 

 

FTIR-ATR of neat DGEDP-methyl ester (uncured) and DGEDP-methyl ester cured with 

isophorone diamine with 914 cm
—1

 corresponding to oxirane C-O 
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FTIR-ATR of neat DGEDP-ethyl ester (uncured) and DGEDP-ethyl ester cured with 

isophorone diamine with 912 cm
—1

 corresponding to oxirane C-O 

 

FTIR-ATR of neat DGEDP-butyl ester (uncured) and DGEDP-butyl ester cured with 

isophorone diamine with 910 cm
—1

 corresponding to oxirane C-O 
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FTIR-ATR of neat DGEDP-pentyl ester (uncured) and DGEDP-pentyl ester cured with 

isophorone diamine with 912 cm
—1

 corresponding to oxirane C-0 
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DSC and m-DSC of Cured Resins for Degree of Cure and Tg 

 

S8.1. Modulated DSC of cured DGEBA showing the non-reversible heat capacity. No 

significant peak indicates approaching theoretical maximum for degree of cure. 
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S8.2. Standard heat-cool-heat DSC of cured DGEBA showing the heat capacity as a 

function of temperature. Glass transition was calculated from 2
nd

 heating curve. No 

significant peak indicates approaching theoretical maximum for degree of cure. 
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S8.3. Modulated DSC of cured DGEDP-methyl ester showing the non-reversible heat 

capacity. Small broad peak indicates approaching theoretical maximum for degree of 

cure 
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S8.4. Standard heat-cool-heat DSC of cured DGEDP-methyl ester showing the heat 

capacity as a function of temperature. Glass transition was calculated from 2
nd

 heating 

curve. No significant peak indicates approaching theoretical maximum for degree of 

cure. 
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S8.5. Modulated DSC of cured DGEDP-ethyl ester showing the non-reversible heat 

capacity. Small broad peak indicates approaching theoretical maximum for degree of 

cure 
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S8.6. Standard heat-cool-heat DSC of cured DGEDP-ethyl ester showing the heat 

capacity as a function of temperature. Glass transition was calculated from 2
nd

 heating 

curve. No significant peak indicates approaching theoretical maximum for degree of 

cure. 
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S8.7. Modulated DSC of cured DGEDP-butyl ester showing the non-reversible heat 

capacity. No peak indicates approaching theoretical maximum for degree of cure 
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S8.8. Standard heat-cool-heat DSC of cured DGEDP-butyl ester showing the heat 

capacity as a function of temperature. Glass transition was calculated from 2
nd

 heating 

curve. No significant peak indicates approaching theoretical maximum for degree of 

cure. 
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S8.9. Modulated DSC of cured DGEDP-pentyl ester showing the non-reversible heat 

capacity. No peak indicates approaching theoretical maximum for degree of cure 
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S8.8. Standard heat-cool-heat DSC of cured DGEDP-pentyl ester showing the heat 

capacity as a function of temperature. Glass transition was calculated from 2
nd

 heating 

curve. No significant peak indicates approaching theoretical maximum for degree of 

cure. 
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Peaks of Loss modulus from Dynamic Mechanical Analysis 

 

Peaks of loss modulus as a function of temperature with the peak of the loss modulus 

being equal to the alpha transition temperature, which is approximately equal to the 

glass transition temperature 
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Oscillatory Rheology – Frequency Sweeps for Mx values 

Densities: DGEBA - 1.16 g/mol, DGEDP-methyl ester- 1.19  g/mol, DGEDP-ethyl 

ester- 1.16 g/mol, DGEDP-butyl ester- 1.16 g/mol, DGEDP-pentyl ester- 1.13 g/mol 

 

Shear modulus plot of DGEBA showing frequency independence of G’ (blue, solid) and 

G” (red, hollow) 



 

  223  

 

 

Shear modulus plot of DGEDP-methyl ester showing frequency independence of G’ 

(blue, solid) and G” (red, hollow) 

 

 

Shear modulus plot of DGEDP-ethyl ester showing frequency independence of G’ (blue, 

solid) and G” (red, hollow). 
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Shear modulus plot of DGEDP-butyl ester showing frequency independence of G’ (blue, 

solid) and G” (red, hollow) 

 

Shear modulus plot of DGEDP-pentyl ester showing frequency independence of G’ 

(blue, solid) and G” (red, hollow) 
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Table of Thermal Stability for Cured Resins 

S11.1 Thermal stability of cured resins under constant N2 flow at different weight losses 

(Twt%) and the percent char remaining 

Resin T10% T50% T80% % Char 700
°
C 

DGEBA 378 399 456 11 

DGEDP-Methyl Ester 361 416 469 13 

DGEDP- Ethyl Ester 363 403 466 12 

DGEDP- Butyl Ester 363 406 452 11 

DGEDP- Pentyl Ester 362 400 445 10 
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Appendix 2 

Fourier Infrared Spectroscopy (FTIR) of Cured and Uncured Epoxy 

Resins  

Red boxes indicate region for oxirane band 

SI 1.1 Uncured NC-514 Peak at ~907 cm
-1

 corresponds to oxirane C-O bonds 

 

Uncured DGEDP-Me Peak at ~912 cm
-1

 corresponds to oxirane C-O bond 
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The FTIR band corresponding to oxirane C-O bonds at about 900 cm
-1

 is not observed 

for cured neat NC514.  

 

The FTIR band corresponding to oxirane C-O bonds at about 900 cm
-1

 is not observed 

for cured 80% NC-514.  
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The FTIR band corresponding to oxirane C-O bonds at about 900 cm
-1

 is not observed 

for cured 50% NC-514.  

 

The FTIR band corresponding to oxirane C-O bonds at about 900 cm
-1

 is not observed 

for cured 20% NC-514 epoxy resin composition.  
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The FTIR band corresponding to oxirane C-O bonds at about 900 cm
-1

 is not observed 

for cured neat DGEDP-Me.  

 

Modulated Differential Scanning Calorimetry Thermograms for 

Cured Epoxy Resins 

Neat DGEDP-Methyl Ester 

 

80% DGEDP-Me/20% Cardolite NC-514 
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50% DGEDP-Me/50% Cardolite NC-514 
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20% DGEDP-Me/80% Cardolite NC-514 

  

Neat Cardolite NC-514 
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Dynamic Mechanical Analysis Loss Modulus Peaks 

 

Oscillatory Rheology - Shear Modulus Plots 

Neat NC-514 
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20% NC-514 

 

50% NC-514 
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20% NC-514 

 

Neat DGEDP-Me Ester  

 

 

Densities for all cured epoxy resins measured by ASTM D792-13 is within statistical 

error 1.0 g/cm
3
.  
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Scanning Electron Microscopy of Notched Izod Impact Surface 

Neat Cardolite NC-514 with impact occurring from left to right. Scale bars clockwise: 

1.00 mm, 100 m, 50 m, 10 m.
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80% Cardiolite NC-514 with impact occurring from left to right. Scale bars clockwise: 

1.00 mm, 100 m, 50 m, 10 m.  
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50% Cardiolite NC-514 with impact occurring from left to right. Scale bars clockwise: 

1.00 mm, 100 m, 50 m, 10 m.  
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20% Cardiolite NC-514 with impact occurring from left to right. Scale bars clockwise: 

1.00 mm, 100 m, 50 m, 10 m.   
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Neat DGEDP-Me with impact occurring from left to right. Scale bars clockwise: 1.00 

mm, 100 m, 50 m, 10 m.   

 

Thermal Gravimetric Analysis  

Resin Composition Td3% Td5% Td10% 

% Char at 

600 °C 

Neat DGEDP-Me 308 324 340 12 

20% NC-514 316 330 344 9 

50% NC-514 309 325 342 6 

80% NC-514 318 332 347 1 

100% NC-514 302 335 364 0.8 
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Appendix 3 

Thermogravimetric Analysis 

Derivative weight percent as a function of temperature. 
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Weight loss temperatures and %-Char from thermogravimetric analysis 

Resin Td5%   (
oC) Td10%     (

oC) Td50%   (
oC) % Char 600 

oC 

Diglycidyl 

Adipate 

297 311 384 11 

Diglycidyl 

Ether of 

Bisphenol A 

325 333 361 12 
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Appendix 4 

Monomer Characterization 

 

1.
 1

H NMR EDF-Epoxy 
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  13
C NMR EDF-Epoxy 
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High Resolution Mass Spectrometry EDF-Epoxy 
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2D COSY Inset and Full 
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2D HMQC 
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1
H NMR Glycidyl Ester Co-Product 
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1
H NMR Disubsituted Glycerol Co-Product 
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1
H NMR PDF-Epoxy 
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13

C NMR PDF-Epoxy 
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High Resolution Mass Spectrometry PDF-Epoxy 
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1
H NMR BDF-Epoxy 

 

 

 



 

  254  

 

 
13

C NMR BDF-Epoxy 
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High Resolution Mass Spectrometry BDF-Epoxy 
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1
H NMR HDF-Epoxy 
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13

C NMR HDF-Epoxy 
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High Resolution Mass Spectrometry HDF-Epoxy 
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Differential Scanning Calorimetry 

 

EDF-Epoxy Moduluated DSC- Nonreversible heat flow as a function of temperature 

 

PDF-Epoxy Modulated DSC – Nonreversible heat flow as a function of temperature 
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BDF-Epoxy Modulated DSC – Nonreversible heat flow as a function of temperature 

 

HDF-Epoxy Modulated DSC – Nonreversible heat flow as a function of temperature 
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Thermogravimetric Analysis  

Weight loss temperatures of cured resins 

Resin Td3% Td5% Td10% 

DGEBA 368 373 378 

EDF-Epoxy 275 300 319 

PDF-Epoxy 284 306 324 

BDF-Epoxy 313 327 339 

HDF-Epoxy 317 332 343 

 

SI Table 3-2. Weight loss temperatures of sodium hydroxide treated EDF-Epoxy resin 

Resin Td3% Td5% Td10% 

EDF-Epoxy 275 300 320 

EDF-Epoxy 1h  228 283 313 

EDF-Epoxy 2h 246 288 313 

EDF-Epoxy 3h 245 288 316 

EDF-Epoxy 4h 207 277 312 
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Contact Angle 

 

Contact angle measurements of the cured resins benchmarked against DGEBA 

 


